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IN  THE  EASTERN  POWDER  RIVER  STRUCTURAL  BASIN,  NORTHEASTERN  WYOMING 
By  Lawrence  J.  Martin,  David  L.  Naftz,  H.W.  Lowham,  and  J.G.  Rankl 


ABSTRACT 

There  are  16  existing  and  6  proposed  surface  coal  mines  in 
the  eastern  Powder  River  structural  basin  of  northeastern  Wyoming. 
In  addition  to  the  areas  already  developed  for  surface  coal  mines 
or  being  considered  for  mining,  there  are  large  tracts  remaining 
that  have  thick  deposits  of  coal  suitable  for  extraction  by 
surface-mining  methods.  Coal-mining  companies  predict  water-level 
declines  of  5  feet  or  more  in  the  Wasatch  aquifer  to  extend  from 
about  1,000  to  about  2,000  feet  beyond  the  mine  pits.  The 
predicted  5-foot  water-level  decline  in  the  Wyodak  coal  aquifer 
generally  extends  4  to  8  miles  beyond  the  lease  areas. 

About  3,000  wells  are  in  the  area  of  potential  cumulative 
water-level  declines  resulting  from  all  anticipated  mining.  Of 
these  3,000  wells,  about  1,200  are  outside  the  areas  of 
anticipated  mining:  about  1,000  wells  supply  water  for  domestic 
or  livestock  uses,  and  about  200  wells  supply  water  for  municipal, 
industrial,  irrigation,  and  miscellaneous  uses.  The  1,800 
remaining  wells  are  used  by  coal-mining  companies.  According  to 
well  logs  and  completion  reports  for  these  wells,  about  580  wells 
are  completed  in  the  Wasatch  aquifer,  about  100  in  the  Wyodak  coal 
aquifer,  and  about  280  in  aquifers  below  the  Wyodak  coal  bed. 
Stratigraphic  location  of  the  completion  interval  could  not  be 
determined  for  about  260  wells  because  of  lack  of  information  on 
the  well-completion  report.  Alternative  sources  of  water  that 
could  replace  the  wells  significantly  impacted  by  mining 
operations  are  the  Tongue  River-Lebo  aquifer  (Fort  Union 
Formation)  for  domestic  and  livestock  supplies,  and  either  the 
Tullock  (Fort  Union  Formation)  or  Lance-Fox  Hills  (Upper 
Cretaceous)  aquifers  for  uses  requiring  a  larger  yield.  Although 
the  quality  of  water  from  these  alternative  sources  does  not 
always  meet  the  standard  for  domestic  water  supplies  prescribed  by 
the  Wyoming  Department  of  Environmental  Quality,  the  quality  of 
water  approximates  the  quality  of  water  currently  (  1987)  being 
used  for  domestic  supplies. 

On  the  basis  of  the  compiled  premining  (Wasatch  aquifer  and 
Wyodak  coal  aquifer)  and  postmining  (spoil  aquifers)  water-quality 
data,  the  majority  of  current  and  future  postmining  water  will  be 
of  suitable  quality  to  meet  the  State  standard  for  livestock 
watering.  Future  surface  coal  mining  probably  will  result  in 
postmining  ground  water  of  similar  quality  to  that  currently 
present  in  the  study  area.  Column-leaching-test  results  compiled 
from  three  mines  in  the  study  area  are  variable  depending  on  the 
type  of  water  used  in  the  columns  (deionized  versus  actual  ground 
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water)  and  the  chemical  composition  of  the  overburden.  Decreases 
in  the  concentrations  of  dissolved  solids,  nitrate,  and  selenium 
in  future  postmining  water  are  predicted  based  on  the  column- 
leaching-test  results. 

Geochemical  data  collected  at  the  Cordero  and  Dave  Johnston 
Mines  were  used  to  predict  future  ground-water-quality  changes  and 
to  identify  reclamation  methods  that  could  minimize  future 
postmining  water-quality  degradation.  Isolation  of  overburden 
material  with  large  soluble-salt  contents  to  areas  above  the 
postmining  ground-water  table  in  conjunction  with  decreasing  the 
rates  of  surface-water  infiltration  in  the  spoil  aquifer  could 
minimize  increases  in  dissolved-sol ids  concentrations  in  future 
reclaimed  areas.  Furthermore,  isolation  of  spoil  material  with 
large  soluble-salt  contents  from  clay-rich  and  organic-rich  strata 
during  backfilling  also  could  minimize  increases  in  dissolved- 
solids  concentrations  in  postmining  ground  water. 

By  use  of  geochemical-modeling  techniques,  the  results  of  a 
hypothetical  reaction-path  exercise  indicate  the  potential  for 
marked  improvements  in  postmining  water  quality  because  of 
chemical  reactions  as  a  postmining  ground  water  with  a  large 
dissol ved-solids  concentration  (3,540  milligrams  per  liter)  moves 
into  a  coal  aquifer  with  relatively  small  d  i  s  so  1  ved  -  so  1  i  d  s 
concentrations  (910  milligrams  per  liter).  Results  of  the 
modeling  exercise  also  indicate  geochemical  conditions  that  are 
most  ideal  for  large  decreases  in  dissolved-solids  concentrations 
in  coal  aquifers  receiving  recharge  from  a  spoil  aquifer. 

Inf iltrometer  studies  indicate  that  reclaimed  soils  have,  on 
the  average,  a  29-percent  slower  infiltration  rate  than  that  of 
undisturbed  soils.  In  addition,  the  data  indicate  a  trend  for  the 
infiltration  rates  to  return  to  premining  rates.  For  the  purpose 
of  computing  the  effective  change  in  infiltration,  it  was  assumed 
that  runoff  had  an  inverse  corresponding  rate.  The  computation  of 
runoff  using  disturbed  areas  for  all  anticipated  mining  is  a 
worst-case  condition  and  indicates  a  maximum  increase  in  runoff  of 
7.6  percent  for  Coal  Creek  and  5.3  percent  for  Little  Thunder 
Creek.  The  remainder  of  the  drainage  basins  analyzed  for  the 
worst-case  condition  had  increases  in  runoff  of  less  than 
5  percent. 

Analyses  of  changes  in  sediment  yield  are  limited  due  to  a 
lack  of  data;  therefore,  predictions  of  cumulative  changes  in 
sediment  yield  are  subjective.  The  larger  sediment  yield  from 
reclaimed  soils  probably  will  not  be  conveyed  to  the  streams  in 
the  basins  due  to  sediment  deposition  as  a  result  of  flatter 
slopes  on  re-constructed  hillsides  and  sediment  entrainment  by 
sediment-settling  ponds. 

Postmining  drainage  networks  and  stream  channels  have  been 
and  are  being  designed  with  attention  to  existing  geomorphic 
conditions  and  accepted  engineering  principles.  In  general, 
re-constructed  stream  and  valley  slopes  are  and  will  be  consistent 
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with  natural  conditions  for  the  area;  however,  re-constructed 
drainage  basins  have  and  will  have  fewer  streams  than  natural 
basins.  Although  additional  first-order  channels  likely  will  form 
in  the  reclaimed  basins,  the  practice  of  re-constructing  only 
higher-order  major  channels  is  believed  to  have  advantages  of: 
(1)  Allowing  flatter  hillslopes  with  resulting  greater 
re-vegetation  success,  and  (2)  providing  smaller  sediment  yields 
than  if  drainage  networks  were  fully  re-constructed  to  premining 
densities . 


INTRODUCTION 

The  Wyoming  Department  of  Environmental  Quality,  Land  Quality  Division, 
in  cooperation  with  the  U.S.  Office  of  Surface  Mining,  Department  of  the 
Interior,  is  required  to  assess  the  probable  cumulative  impacts  of  current 
and  anticipated  mining  on  the  ground-  and  surface-water  systems  each  time  a 
mine-permit  application  is  made.  The  assessment  is  required  by  the  Surface 
Mining  Control  and  Reclamation  Act  of  1977  (Public  Law  95-87)  and  Wyoming 
Department  of  Environmental  Quality,  Land  Quality  Division,  Rules  and 
Regulations  (Wyoming  Department  of  Environmental  Quality,  1986). 

The  Wyoming  Deoartment  of  Environmental  Quality  is  assessing  the 
potential  cumulative  impacts  of  surface  coal  mining  in  the  eastern  Powder 
River  structural  basin  (hereinafter  referred  to  as  the  eastern  Powder  River 
basin).  In  order  to  provide  the  hydrologic  information  needed  to  assess  the 
cumulative  impacts  of  all  anticipated  mining  in  sufficient  detail,  the  U.S. 
Geological  Survey,  in  cooperation  with  the  Wyoming  Department  of 
Environmental  Quality  and  the  U.S.  Office  of  Surface  Mining,  conducted  a 
study  of  the  hydrology  of  the  eastern  Powder  River  basin. 


Purpose  and  Scope 

The  purpose  of  this  report  is  to  describe  the  cumulative  effects  of  all 
current  (1987)  and  anticipated  surface  coal  mining  on  the  hydrologic  system 
in  the  eastern  Powder  River  basin,  Wyoming  (fig.  1).  Specific  objectives  of 
the  study,  which  was  conducted  during  1986-87,  included  the  following: 

1.  Determine  the  potential,  cumulative  ground-water-level 
declines  in  the  overburden  (Wasatch  aquifer)  and  the  coal 
(Wyodak  aquifer)  as  a  result  of  surface  coal  mining  at 
existing  (1987)  and  proposed  mines  and  the  effects  of  declines 
on  ground-water  use. 

2.  Determine  the  availability  and  quality  of  alternative  ground- 
water  supplies  not  disturbed  by  surface  coal  mining. 

3.  By  use  of  existing  data  from  surface  coal  mines  in  the  study 
area,  define  the  current  premining  (Wasatch  aquifer  and  Wyodak 
coal  aquifer)  and  postmining  (spoil  aquifer)  ground-water 
quality,  identify  chemical  constituents  that  exceed  water-use 
criteria,  and  evaluate  future  ground-water-quality  monitoring 
needs. 
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Figure  1. — Location  of  the  study  area  and  the  Powder 
River  structural  basin  in  Wyoming. 


4 


4.  By  use  of  existing  data  from  batch-mixing  and  column-leaching 
experiments,  evaluate  their  predictive  capabilities  for 
selected  chemical  constituents. 

5.  By  use  of  detailed  and  site-specific  geochemical  data  from  two 
surface  coal  mines,  define  the  possible  geochemical  reactions 
that  control  the  postmining  water  quality  in  the  coal  and 
spoil  aquifers,  investigate  possible  future  ground-water- 
quality  changes  in  coal  and  spoil  aquifers,  and  identify 
reclamation  methods  that  could  minimize  future  postmining 
water-quality  degradation  in  the  spoil  aquifer. 

6.  By  use  of  geochemical-modeling  techniques  to  determine 
hypothetical  reaction  paths,  estimate  possible  water-quality 
changes  that  might  occur  in  the  coal  aquifer  as  a  result  of 
offsite  movement  of  postmining  ground  water  from  a  spoil 
aquifer . 

7.  Determine  if  a  significant  change  in  runoff  will  occur  in  the 
Little  Powder,  Belle  Fourche,  and  Cheyenne  River  drainage 
basins  as  a  result  of  surface  coal  mining. 

8.  Determine  whether  surface  coal  mining  will  cause  either  an 
increase  or  decrease  in  sediment  yield. 

9.  Determine  if  postmining  drainage  networks  and  stream  channels 
will  be  stable  by  evaluating  the  stability  of  reclaimed 
drainages . 


Previous  Investigations 

A  narration  about  the  eastern  Powder  River  basin  is  published  in  the 
Wyoming  Geological  Association  13th  Annual  Field  Conference  Guidebook 
(Wyoming  Geological  Association  Guidebook  Committee,  1958).  The  guidebook 
contains  the  geologic  history  of  the  area,  the  stratigraphy  of  the 
underlying  rocks,  the  economic  importance  of  the  mineral  resources,  and  a 
general  bibliography. 

A  hydrologic  study  of  the  area  by  Hodson  and  others  (  1973)  describes 
the  general  geology,  availability  of  ground  water,  chemical  quality  of  the 
ground  water,  and  streamflow  characteristics.  Breckenridge  and  others 
(1974)  provide  a  synoptic  view  of  the  geology,  hydrology,  land  use,  and 
mineral  resources  of  the  area. 

Koch  and  others  (1982)  investigated  the  regional  effects  of  surface 
mining  on  the  ground-water  system  in  the  eastern  Powder  River  basin.  This 
investigation,  funded  by  the  U.S.  Bureau  of  Mines,  used  computer-based 
models  to  simulate  ground-water  flow,  surface-water  flow,  and  water  quality. 
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A  comprehensive  report  by  Lowry,  Wilson,  and  others  (1986)  summarizes 
the  hydrology  of  the  entire  Powder  River  drainage  basin  and  parts  of 
adjacent  drainage  basins.  It  is  one  of  a  series  of  reports  by  the  U.S. 
Geological  Survey  that  resulted  from  a  nationwide  program  to  summarize  the 
hydrology  of  areas  within  the  major  coal  provinces  of  the  United  States. 

Bloyd  and  others  (1986)  investigated  the  effects  of  surface  coal  mining 
on  the  surface-  and  ground-water  systems  in  the  eastern  Powder  River  basin. 
A  computer  model  of  surface-water  flow  in  the  Belle  Fourche  River  drainage 
basin  was  developed  and  physical  characteristics  of  102  drainage  subbasins 
in  the  area  were  determined.  Premining  and  postmining  ground-water  quality 
data  also  were  compiled  from  selected  mines  in  the  basin. 

A  map  of  the  premining  potentiometric  surface  for  the  Wyodak-Anderson 
coal  bed  in  Campbell  County  was  constructed  by  Daddow  (1986).  The 
potentiometric  surface  indicates  ground-water  movement  is  from  the  coal 
outcrops  toward  the  north  and  northwest  and  that  the  coal  bed  is  recharged 
along  its  outcrop. 

Rankl  and  Lowry  (in  press)  looked  for  evidence  of  regional  ground-water 
discharge  to  streams  in  the  area.  They  found  little  evidence  of  ground- 
water  discharge  from  a  regional  flow  system  and  concluded  that  local  ground- 
water  systems  are  much  more  likely  to  be  affected  by  coal  development  than 
the  regional  flow  system. 

Fogg  and  others  (in  press)  identified  recharge  and  discharge  areas, 
directions  of  ground-water  movement,  and  possible  effects  of  mining  for 
12  coal-lease  areas  in  the  Powder  River  structural  basin.  Their  study 
concluded  that  surface  coal  mining  would  affect  only  local  ground-water  flow 
systems.  Potential  effects  include  alteration  of  ground-water  flow  systems 
and  changes  in  water  quality. 
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GEOGRAPHIC  AND  GEOLOGIC  SETTING 


Climate 


The  climate  of  the  study  area  is  temperate  and  semiarid,  with 
considerable  variations  in  temperature  and  precipitation  between  winter  and 
summer  seasons.  The  growing  season  is  short,  averaging  about  120  days 
between  the  last  spring  and  first  fall  freezes. 

During  the  winter,  average  daily  minimum  temperatures  range  between 
5  °F  and  40  °F.  However,  nighttime  temperatures  commonly  may  be  less  than 
0  °F  and  daytime  temperatures  may  be  as  much  as  50  °F.  Summers  generally 
are  mild  with  short  periods  of  temperatures  exceeding  100  °F.  The  mean 
maximum  daily  temperature  for  July  is  90  °F.  Nights  usually  are  cool 
despite  high  daytime  temperatures. 

Average  annual  precipitation  ranges  from  11  in.  in  the  southern  part  of 
the  study  area  to  18  in.  in  the  north.  More  than  two-thirds  of  the  annual 
precipitation  occurs  as  rainfall  between  March  and  August  of  the  average 
year.  About  one-third  of  the  annual  precipitation  is  snowfall.  The  average 
annual  snowfall  of  50  in.  is  well  distributed  through  the  winter  but  is 
greatest  during  December. 

Prevailing  winds  in  the  study  area  are  from  the  northwest.  Maximum 
wind  velocities  commonly  occur  in  the  spring.  Wind  velocity  averages  about 
14  mi/h  annually,  ranging  from  an  average  of  10  mi/h  during  July  and  August 
to  an  average  of  16  mi/h  during  November  through  April. 


Topography  and  Drainage 

The  eastern  Powder  River  basin  lies  within  the  unglaciated  part  of  the 
Missouri  Plateau  of  the  Northern  Great  Plains.  The  entire  study  area  is 
within  the  drainage  basin  of  the  Missouri  River.  The  Little  Powder  River 
flowing  northward,  and  the  Belle  Fourche  and  Cheyenne  Rivers  flowing 
eastward  are  the  main  tributaries  draining  the  study  area.  Elevations  in 
the  Little  Powder  drainage  basin  range  from  3,600  ft  above  sea  level  along 
the  Little  Powder  River  to  about  4,800  ft  on  the  ridges,  from  4,400  ft  along 
the  Belle  Fourche  River  to  5,000  ft  on  the  prairie,  and  from  4,400  ft  along 
the  Cheyenne  River  to  4,800  ft  on  the  uplands.  The  larger  stream  valleys 
are  deeply  eroded  and  have  wide,  flat  floors  and  broad  floodplains.  The 
landscape  is  dominated  by  plains  and  low-lying  hills  and  tablelands, 
interrupted  by  entrenched  river  valleys  and  isolated,  flat-topped  buttes  and 
mesas,  and  long  narrow  divides  and  ridges  that  are  from  100  to  500  ft  above 
valley  floors. 
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The  streams  draining  the  study  area  are  described  by  Rankl  (1986a): 

The  channel  bottom  of  the  Little  Powder  River  consists  of  clay, 
silt,  and  some  clinker  gravel.  The  stream  is  perennial.  The 
Belle  Fourche  and  the  Cheyenne  Rivers  originate  in  and  drain  an 
area  underlain  by  continental  deposits  of  shale,  sandstone,  and 
coal.  The  channel  of  the  Belle  Fourche  River  is  relatively 
narrow,  has  a  silt  and  clay  bottom,  and  in  places  is  grass 
covered.  The  ground-water  table  is  intercepted  by  the  channel  in 
many  reaches,  thus  forming  pools,  but  very  little  ground  water  is 
contributed  to  streamflow.  The  channel  of  the  Cheyenne  River  and 
its  major  tributaries  have  wide  sand  channels  and  flow  is 
ephemeral . 

Most  of  the  tributaries  to  the  Little  Powder,  Belle  Fourche,  and  the 
Cheyenne  Rivers  are  ephemeral,  and  streamflow  results  from  rainstorms  and 
melting  snow. 


Soil  Characteristics  and  Vegetation 

Soils  in  the  study  area  have  developed  under  the  short-grass  vegetative 
cover  common  to  the  semiarid  Great  Plains.  Due  to  prevailing  climatic  and 
vegetative  conditions,  organic  matter  accumulates  slowly,  and  soils  have 
developed  with  light-colored  surfaces.  Subsoil  colors  are  normally  light 
brown  or  reddish  brown,  and  substratum  colors  are  commonly  affected  by 
white,  powdery,  limey  carbonate  accumulations  caused  by  minimal 
precipitation  and  insufficient  leaching.  Soils  are  mostly  residual 
(developed  in  place)  and  formed  from  weathered  sedimentary  bedrock,  which  is 
commonly  sandstone  and  shale. 

On  gently  rolling  uplands,  slightly  altered  bedrock  usually  is  not  more 
than  36  in.  below  the  land  surface.  On  more  rolling  lands,  the  depth  to 
bedrock  is  about  20  to  30  in.  On  steep  slopes,  only  a  few  inches  of  soil  or 
soil  material  overlies  the  partly  weathered  bedrock.  Rock  outcrops  are 
common  on  the  steep  slopes. 

Developed  soils  have  characteristics  similar  to  the  bedrock.  Areas  of 
sandy  and  medium-textured  friable  soils  are  underlain  by  sandstone  and  sandy 
shale.  Dense  clay  soils  are  underlain  by  clay  shale. 

The  natural  vegetation  in  the  study  area  is  a  mixture  of  grasses  and 
shrubs.  Common  plants  include  prairie  sandreed  grass,  needleandthread 
grass,  western  wheatgrass,  blue  gramma  grass,  little  bluestem  grass,  big 
sagebrush,  and  greasewood  (Peterson,  1986,  p.  20).  Cottonwood  trees 
commonly  grow  along  the  streams. 
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Geology 


The  geologic  units  of  interest  in  this  study  are  the  relatively  shallow 
units  strat igraphically  above  the  Pierre  Shale  of  Cretaceous  age.  These 
geologic  units,  in  ascending  order,  are  the  Fox  Hills  Sandstone  and  Lance 
Formation  of  Late  Cretaceous  age,  the  Fort  Union  Formation  of  Paleocene  age, 
the  Wasatch  Formation  of  Eocene  age,  and  alluvium  of  Pleistocene  and 
Holocene  age.  The  outcrop  areas  of  these  units  are  shown  in  figure  2. 

The  Fox  Hills  Sandstone  and  Lance  Formation  consist  of  fine-  to  medium¬ 
grained  sandstone  interbedded  with  sandy  shale.  The  Fort  Union  Formation 
consists  of  the  Tullock,  Lebo,  and  Tongue  River  Members  in  ascending  order. 
The  Tullock  Member  consists  principally  of  interbedded  medium-  to  light-gray 
shale  and  light-gray,  fine-grained  sandstone  and  siltstone.  Thin  coal  beds 
in  the  Tullock  Member  grade  upward  into  light-gray  sandy  or  silty  shale  and 
locally  resistant  sandstone.  The  Lebo  Member  is  predominantly  dark  shale 
and  concretionary  sandstone  with  siltstone,  and  locally  thin  coal  beds.  The 
Tongue  River  Member  consists  of  light-yellow  to  light-gray,  fine-  to  medium¬ 
grained,  thick-bedded  to  locally  massive  cross-bedded  and  lenticular 
sandstone  and  siltstone  interbedded  with  gray  and  black  shale.  South  of  the 
Belle  Fourche  River,  the  Lebo  Member  is  equivalent  to  the  Lebo  and  Tongue 
River  Members  of  the  Fort  Union  Formation  in  the  northern  part  of  the 
eastern  Powder  River  basin  (Denson  and  others,  1978). 

Many  thick  and  laterally  persistent  coal  beds  are  present  in  the  Tongue 
River  Member.  However,  the  only  major  coal  bed  that  is  presently  (  1987) 
mined  is  the  Wyodak  coal  bed.  The  Wyodak  coal  bed  has  been  correlated  in 
many  parts  of  the  eastern  Powder  River  basin  and  has  different  names  in 
different  parts  of  the  basin.  The  coal  bed  has  been  called  the  Wyodak- 
Anderson  and  the  Anderson-Canyon  coal  bed.  Because  of  correlation  problems, 
the  Wyodak  coal  bed  was  erroneously  called  the  Roland-Smith  coal  bed  in  some 
reports.  North  of  Gillette,  the  Wyodak  coal  bed  separates  into  an  upper 
Wyodak  and  lower  Wyodak  (Glass,  1986a,  p.  26).  In  places,  the  upper  Wyodak 
separates  into  the  Smith,  Swartz,  and  Anderson  coal  beds,  and  the  lower 
Wyodak  separates  into  the  Canyon  and  Cook  coal  beds  (Kent  and  others,  1980, 
sheet  1 )  .  The  Wyodak  also  separates  into  the  Anderson  and  Canyon  coal  beds 
south  and  west  of  Gillette  (Glass,  1986a,  p.  26-27).  Clinker,  which 
consists  of  fractured  shale,  siltstone,  and  sandstone  that  have  been  baked 
by  the  burning  of  underlying  coal  beds,  is  present  near  the  coal  outcrops 
(Lewis  and  Hotchkiss,  1981;  Love  and  Christiansen,  1985). 

The  Wasatch  Formation  consists  of  brownish-gray,  fine-  to  coarse¬ 
grained  lenticular  sandstone  interbedded  with  shale  and  coal.  Coal  beds 
occur  in  the  lower  part  of  the  Wasatch  Formation.  Clinker  also  occurs  near 
the  coal  outcrops  (Lewis  and  Hotchkiss,  1981;  Love  and  Christiansen,  1985). 
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Figure  2. — Surficial  geology  within  and  adjacent  to  the  study  area. 
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The  Fort  Union  and  Wasatch  Formations  consist  of  continental-type 
sediments  deposited  in  fluvial,  lacustrine,  and  swampy  environments. 
Consequently,  the  strata  of  these  formations  are  alternating  sandstone, 
siltstone,  and  mudstone,  with  occasional  coal.  The  strata  are  lenticular 
and  seldom  correlate  for  more  than  short  distances  in  any  direction.  The 
Fort  Union  Formation  is  less  variable  lithologically  than  the  Wasatch 
Formation;  lenses  and  channels  of  sandstone  are  common  in  the  Wasatch.  Coal 
beds  are  thicker  and  more  numerous  in  the  Fort  Union  than  in  the  Wasatch. 
Local  custom  among  the  coal-mining  companies  has  been  to  consider  the  top  of 
the  thick  Wyodak  coal  bed  as  being  equivalent  to  the  top  of  the  Fort  Union 
Formation.  For  this  report,  the  top  of  the  Wyodak  coal  bed  is  assumed  to  be 
the  contact  between  the  Fort  Union  and  Wasatch  Formations. 

The  alluvium  consists  of  unconsolidated  deposits  of  silt,  sand,  and 
gravel.  Generally  fine  to  medium  grained,  the  alluvial  deposits  may  be 
coarser  grained  in  the  valleys  of  the  Belle  Fourche  and  Little  Powder  Rivers 
(Hodson  and  others,  1973). 
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Figure  2. — Continued. 
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SURFACE  COAL  MINING 


Coal  in  the  eastern  Powder  River  basin  is  extracted  by  surface-mining 
methods.  Topsoil  is  removed  from  areas  in  advance  of  overburden  removal  and 
stockpiled  for  later  use  in  reclamation.  After  removal  of  the  topsoil, 
overburden  is  excavated  down  to  the  coal.  After  being  excavated,  the 
overburden  is  referred  to  as  spoil.  Thickness  of  the  overburden  at  existing 
and  proposed  mines  generally  ranges  from  as  little  as  several  feet  to  as 
much  as  300  ft.  During  the  initial  stages  of  pit  excavation,  the  overburden 
is  placed  in  spoil  piles  near  the  perimeter  of  the  mine.  After  the 
overburden  has  been  removed,  the  coal  is  blasted  and  hauled  by  truck  or 
conveyors  to  railroad-loading  facilities.  After  completion  of  mining,  the 
overburden  spoil  piles  are  used  to  fill  in  the  final  pit.  As  mining 
progresses,  reclamation  takes  place  where  mining  has  been  completed.  Mined 
areas  are  backfilled  with  overburden  material  from  areas  being  mined  and  are 
then  re-contoured  and  re-vegetated.  A  typical  mining  and  reclamation 
process  is  illustrated  in  figure  3. 

Even  though  the  volume  of  the  overburden  increases  as  it  is  broken  and 
disturbed  during  mining,  the  increase  in  volume  of  the  overburden  used  as 
backfill  generally  is  not  sufficient  to  compensate  for  the  removal  of  the 
thick  coal  beds.  The  final  result  generally  is  a  lowering  and  flattening  of 
the  land  surface  after  mining  and  reclamation  are  completed. 


Existing  Mines 

Currently  (  1987),  16  surface  coal  mines  are  operating  in  the  eastern 
Powder  River  basin  (table  1).  The  mines  are  aligned  along  a  northerly  trend 
approximately  coincident  with  the  coal  outcrop.  The  lease  areas  for  the 
existing  mines  are  shown  on  plate  1.  Mining  at  the  Wyodak  Mine  began  in 
1922.  The  remainder  of  the  mines  started  operations  during  the  1970's  and 
1980' s.  The  projected  completion  dates  of  existing  surface  mines  range  from 
1996  (Buckskin  Mine)  to  2026  (Caballo  Mine).  Projected  completion  dates  may 
change  due  to  fluctuations  in  market  conditions  and  the  demand  for  low- 
sulfur,  subbituminous  coal.  The  projected  maximum  areas  to  be  disturbed  by 
existing  surface  coal  mines  range  from  959  to  13,217  acres.  The  projected 
completion  dates  and  maximum  areas  to  be  disturbed  are  from  mine-permit 
applications  on  file  with  the  Wyoming  Department  of  Environmental  Quality. 


Proposed  Mines 

Six  additional  surface  coal  mines  in  the  eastern  Powder  River  basin  are 
proposed  (table  2).  Permits  have  been  issued  by  the  Wyoming  Department  of 
Environmental  Quality  for  five  of  these  mines.  The  other  proposed  mine  has 
a  mine-permit  application  pending  with  the  Wyoming  Department  of 
Environmental  Quality.  The  lease  areas  for  these  proposed  mines  are  shown 
on  plate  1.  There  is  one  other  lease  area  (Peabody)  listed  in  table  2  and 
shown  on  plate  1  for  which  a  mine-permit  application  for  surface  coal  mining 
has  not  been  made. 
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Figure  3. — Typical  mining  and  reclamation  operations. 


Table  1. — Existing  surface  coal  mines1 


Mine  name 

Permit 

number 

Start-up 

date 

Projected 

completion 

date 

Area  disturbed 
(acres) 

End  of 

1986 

by  mining 

Projected 

maximum 

Antelope 

525 

1982 

2011 

338 

4,896 

Belle  Ayr 

214 

1973 

2016 

2,495 

4,250 

Black  Thunder 

233 

1974 

2018 

2,817 

13,217 

Buckskin 

500 

1980 

1996 

760 

959 

Caballo 

433 

1977 

2026 

1,199 

9,104 

Caballo  Rojo 

511 

1981 

2007 

815 

4,922 

Clovis  Point 

447 

1977 

2000 

672 

1,067 

Coal  Creek 

483 

1979 

2011 

1,047 

8,310 

Cordero 

237 

1974 

2006 

1,631 

7,102 

Eagle  Butte 

428 

1976 

2019 

1,337 

4,759 

Fort  Union 

486 

1979 

2019 

217 

2,454 

Jacobs  Ranch 

271 

1975 

2005 

2,253 

4,687 

North  Antelope 

532 

1982 

2019 

667 

2,792 

Rawhide 

240 

1974 

2004 

1,296 

4,921 

Rochelle 

569 

1984 

2017 

196 

5,285 

Wyodak 

232 

1922 

2014 

572 

1,720 

1  Data  from  mine-permit  applications,  Wyoming  Department  of  Environmental 
Quality . 


Table  2. — Proposed  surface  coal  mines  including  mines  that  have 
been  granted  permits,  but  that  have  not  been  constructed1 


[ — ,  not 

applicable] 

Area  disturbed 

by  mining 

Projected 

(acres) 

Permit 

Start-up 

completion 

End  of 

Projected 

Mine  name 

number 

date 

date 

1986 

maximum 

Dry  Fork 

599 

2020 

2,905 

East  Gillette 

581 

— 

2011 

— 

2,603 

Keeline 

602 

— 

2009 

— 

4,692 

North  Rochelle 

550 

1985 

2011 

4 

3,271 

Peabody  Lease1 2 

— 

— 

— 

— 

4,000 

Rocky  Butte 

— 

— 

2002 

— 

1,054 

Wymo 

540 

—  — 

1995 

—  — 

750 

1  Data  from  mine-permit  applications,  Wyoming  Department  of  Environmental 
Quality . 

2  The  Peabody  Lease  is  an  area  that  has  been  leased  for  coal  mining; 
however,  a  mine-permit  application  has  not  been  filed  with  the  Wyoming 
Department  of  Environmental  Quality.  Therefore,  it  is  not  counted  as  a 
proposed  mine  in  the  text  of  this  report. 
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Other  Areas  Considered  for  Mining 


Additional  areas  being  considered  for  surface  coal  mines  in  the  eastern 
Powder  River  basin  can  be  grouped  in  two  categories:  Selected  Coal  Tracts 
and  areas  with  Preference  Right  Lease  Applications  (table  3).  A  Selected 
Coal  Tract  is  an  area  that  has  been  evaluated  by  the  U.S.  Bureau  of  Land 
Management  for  inclusion  in  future  competitive  leasing.  Generally,  each 
Selected  Coal  Tract  would  constitute  an  individual  mine.  Areas  with 
Preference  Right  Lease  Applications  were  claimed  by  specific  companies  prior 
to  the  beginning  of  the  competitive-leasing  system  now  used.  Generally, 
Preference  Right  Lease  Applications  are  small  areas  that  would  be  appended 
to  existing  mines.  Locations  of  Selected  Coal  Tracts  and  Preference  Right 
Lease  Applications  are  shown  on  plate  1. 


Table  3. — Selected  Coal  Tracts  and 
Preference  Right  Lease  Applications 


Area1 

Name (acres) 


Selected  Coal  Tracts 


Calf  Creek 

7,050 

Donkey  Creek 

3,270 

Hay  Creek 

5,370 

Kintz  Creek 

4,200 

Mount  Logan 

6,805 

Porcupine 

720 

Ridgerunner 

5,396 

Rochelle  Hills 

6,625 

Rockpile 

5,585 

Roundup 

5,890 

Thundercloud 

4,525 

Timber  Creek 

3,750 

Wildcat 

4,085 

Preference  Right  Lease  Applications 


Caballo 

480 

East  Black  Thunder 

90 

Rochelle 

2,250 

South  Antelope 

820 

Wildcat  Creek 

10,450 

1  Data  from  U.S.  Bureau  of  Land 
Management,  Casper  office. 
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In  addition  to  the  areas  already  being  mined  or  being  considered  for 
development,  large  tracts  remain  that  have  thick  deposits  of  coal  suitable 
for  extraction  by  surface-mining  methods.  These  large  tracts  probably  will 
not  be  developed  in  the  near  future  unless  there  is  a  substantial  increase 
in  the  demand  for  coal.  It  should  be  recognized,  however,  that  these  tracts 
do  exist  and  may  be  developed  as  the  existing  mines  are  mined  to  completion. 
Additional  tracts  may  be  added  to  existing  lease  areas  by  noncompetitive 
lease  modifications.  Because  the  size,  location,  and  time  of  acquisition 
can  not  be  predicted,  these  tracts  are  generically  referred  to  in  this 
report  as  areas  of  possible  future  mining. 


Definition  of  "All  Anticipated  Mining” 

One  of  the  requirements  of  the  Surface  Mining  Control  and  Reclamation 
Act  of  1977  (SMCRA)  is  that  the  regulatory  agency  assess  the  probable 
cumulative  impacts  of  "all  anticipated  mining"  in  the  region  to  assure  that 
proposed  mining  operations  have  been  designed  to  prevent  material  damage  to 
the  hydrologic  balance  outside  the  permit  area  of  the  proposed  mine. 

In  its  broadest  context,  "all  anticipated  mining"  could  include  all 
surface  mining  in  a  north-trending  strip  bounded  on  the  east  by  the  coal 
outcrop  and  on  the  west  by  an  arbitrary  economic  limit  (for  example,  300  ft 
of  overburden).  Analysis  of  impacts  from  mining  such  a  large  area  would 
require  many  assumptions  and  generalizations  by  the  investigators.  The 
result  would  be  a  nebulous  report  of  limited  use  to  the  regulatory  agencies. 

For  the  purposes  of  this  study,  "all  anticipated  mining"  is  defined  as 
the  existing  (  1987)  and  potential  surface  coal  mining  in  the  lease  areas, 
Selected  Coal  Tracts,  and  areas  with  Preference  Right  Lease  Applications. 
The  quantity  of  detailed  hydrologic  data  varies  considerably  for  each  of  the 
types  of  areas.  Lease  areas  have  large  amounts  of  data  readily  available  in 
mine-permit  applications  submitted  to  the  Wyoming  Department  of 
Environmental  Quality.  Site-specific  data  for  Selected  Coal  Tracts  are 
almost  never  available.  Limited  data  are  available  for  areas  with 
Preference  Right  Lease  Applications. 

In  order  to  maintain  the  level  of  detail  needed  in  this  report,  the 
study  was  conducted  using  data  primarily  from  existing  lease  areas  and  mine 
plans.  Hydrologic  conditions  for  Selected  Coal  Tracts  and  areas  with 
Preference  Right  Lease  Applications,  by  default,  are  addressed  with  less 
certainty.  Because  they  are  in  the  same  general  area  as  lease  areas, 
hydrologic  conditions  are  assumed  to  be  the  same  as  in  lease  areas.  The 
level  of  analysis  in  each  area  varies  with  the  availability  of  hydrologic 
data.  Estimations  and  assumptions  need  to  be  made  for  areas  where  site- 
specific  hydrologic  data  are  not  available. 
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HYDROGEOLOGY 


The  ground-water  system  occurs  predominantly  in  a  matrix  of  lenticular 
sandstone  and  siltstone  beds  interbedded  with  shale  and  coal,  which  results 
in  discontinuous  aquifers  of  limited  areal  extent.  For  this  report,  the 
hydrogeologic  units  of  interest  are  the  aquifers  in  stratigraphic  units 
overlying  the  Pierre  Shale.  In  descending  order,  these  aquifers  are  the 
Wasatch  aquifer,  Wyodak  coal  aquifer,  Tongue  River-Lebo  aquifer,  Tullock 
aquifer,  and  the  Lance-Fox  Hills  aquifer.  The  relation  between 
stratigraphic  units  and  hydrogeologic  units  is  shown  in  figure  4. 

The  Wasatch  aquifer  consists  primarily  of  discontinuous  lenticular 
sandstone  beds  and  sand  channels  surrounded  by  siltstone  and  shale.  The 
siltstone  and  shale  may  be  saturated  and  static  water  levels  may  be  at  the 
same  elevation  as  in  the  adjacent  sand  deposits.  However,  wells  completed 
in  the  siltstone  and  shale  generally  will  not  yield  sufficient  quantities  of 
water  to  consider  the  material  as  an  aquifer.  Transmissivity  of  the  Wasatch 
aquifer  is  typically  less  than  13  ft2/d  and  commonly  is  less  than  1.3  ft2/d. 
Wells  completed  in  the  sandstone  beds  and  sand  channels  may  yield  from  10  to 
50  gal/min  in  the  northern  part  of  the  basin  and  as  much  as  500  gal/min  in 
the  southern  part  of  the  basin  (Hodson  and  others,  1973,  pi.  3).  Quaternary 
alluvium  is  present  in  most  stream  valleys  in  the  study  area.  In  this 
study,  the  aquifers  in  alluvial  deposits  are  defined  as  being  part  of  the 
Wasatch  aquifer. 

The  Wyodak  coal  bed  is  the  most  continuous  hydrogeologic  unit  in  the 
study  area.  Water  in  the  Wyodak  coal  bed  is  confined  between  a  shale 
forming  the  basal  sequence  of  the  overlying  Wasatch  Formation  and  a  thick 
shale  sequence  directly  underlying  the  coal.  The  Wyodak  coal  aquifer 
consists  of  the  Wyodak  coal  bed  and  associated  coal  beds  where  the  Wyodak 
splits  and  separates  into  multiple  beds,  interbedded  sandstone  beds,  and 
clinker  beds  along  the  coal  outcrop.  Flow  of  water  in  the  coal  is  affected 
in  places  where  the  coal  bed  separates  to  form  two  or  more  coal  beds  with 
interbedded  claystone,  shale,  or  sandstone.  Flow  in  the  coal  also  may  be 
affected  by  differences  in  aquifer  properties  caused  by  differences  in  the 
distribution  and  density  of  fractures  in  the  coal.  Solid  coal  is  virtually 
impermeable.  Permeability  is  imparted  to  the  coal  as  a  result  of  fracturing 
and  is  dependent  on  the  degree  of  fracturing.  The  Wyodak  coal  bed  is  an 
anisotropic  aquifer  with  flow  occurring  through  fractures  in  the  coal  bed. 
Transmissivity  of  the  Wyodak  coal  aquifer  is  typically  less  than  134  ft2/d. 
Wells  completed  in  the  Wyodak  coal  aquifer  generally  yield  from  10  to 
50  gal/min  (Hadley  and  Keefer,  1975,  sheet  1). 

The  Tongue  River-Lebo  aquifer  consists  of  sandstone  lenses  in  a 
predominantly  shale  and  siltstone  matrix.  Transmissivity  of  sandstone 
lenses  comprising  the  Tongue  River-Lebo  aquifer  generally  ranges  from  10  to 
75  ft2/d.  Wells  completed  in  the  Tongue  River-Lebo  aquifer  will  yield 
adequate  quantities  of  water  for  domestic  and  livestock  use  if  a  sufficient 
thickness  of  saturated  sandstone  lenses  is  penetrated.  The  thick  shale 
sequence  underlying  the  Wyodak  coal  hydrolog ical ly  isolates  the  Tongue 
River-Lebo  aquifer  from  impacts  due  to  dewatering  of  mine  pits  in  the  Wyodak 
coal  aquifers. 
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Figure  4. 


Relation  of  stratigraphic  units  to 
hydrogeologic  units. 
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The  Tullock  aquifer  consists  of  f ine-to-medium  grained  sandstone  beds 
and  thin  coal  beds  interbedded  with  siltstone,  shale,  and  carbonaceous 
shale.  Sandstone  beds  in  the  Tullock  tend  to  be  coarser  and  more  massive 
than  those  in  the  overlying  Tongue  River-Lebo  aquifer.  Transmissivity  of 
the  Tullock  aquifer  generally  ranges  from  200  to  400  ft2/d.  Yields  of  200 
to  300  gal/min  are  available  from  wells  completed  in  the  Tullock.  Most  of 
the  wells  for  facilities  at  coal  mines  are  completed  in  the  Tullock. 

The  Lance-Fox  Hills  aquifer  consists  of  numerous  lenticular  beds  of 
massive  sandstone  isolated  by  interbedded  shale  and  siltstone. 
Transmissivity  generally  ranges  from  about  10  to  250  ft2/d.  Wells  completed 
in  the  Lance-Fox  Hills  aquifer  generally  yield  several  hundred  gallons  per 
minute.  However,  few  wells  in  the  study  area  are  completed  in  the  Lance-Fox 
Hills  because  it  lies  2,500  to  3,000  ft  below  the  land  surface.  This 
aquifer  is  utilized  for  water  supplies  in  waterflood  operations  at  oil 
fields  in  Campbell  County  and  for  municipal  supplies  at  Gillette. 


Hydraulic  Conductivity 

Site-specific  determinations  of  hydraulic  conductivity  have  been  made 
by  coal-mining  companies.  These  data  have  been  reported  to  the  Wyoming 
Department  of  Environmental  Quality  as  part  of  the  mine-permit  applications. 
Data  for  hydraulic  conductivity  of  the  Wasatch  aquifer  and  the  Wyodak  coal 
aquifer  were  obtained  from  these  applications.  Results  of  aquifer  tests 
were  available  for  203  tests  using  wells  completed  in  the  Wasatch  aquifer 
and  357  tests  using  wells  completed  in  the  Wyodak  coal  aquifer.  Values  of 
hydraulic  conductivity  were  determined  by  several  aquifer-test  methods 
including  multiple-  and  single-well  drawdown  and  recovery  tests,  and  slug 
tests . 

In  order  to  check  the  validity  of  aquifer-test  results  reported  in  the 
mine-permit  applications,  a  representative  sample  of  aquifer  tests  was 
selected  for  re-analysis.  Data  from  39  aquifer  tests  of  the  Wyodak  coal 
aquifer  involving  63  wells  were  re-analyzed  to  ascertain  the  reliability  of 
the  reported  aquifer-test  results.  Results  of  the  re-analysis  of  aquifer- 
test  data  were  not  substantially  different  from  those  originally  reported  by 
the  coal-mining  companies. 

The  logs  of  hydraulic-conductivity  values  from  aquifer  tests  using 
wells  completed  in  the  Wasatch  aquifer  and  Wyodak  coal  aquifer  are  plotted 
as  histograms  in  figures  5  and  6.  The  log  values  of  hydraulic  conductivity 
were  used  to  normalize  the  hydraulic-conductivity  data  from  markedly  skewed 
arithmetic  distributions.  The  hydraulic  conductivity  of  the  Wasatch  aquifer 
has  a  log  normal  distribution  with  a  geometric  mean  of  -0.685  (0.2  ft/d). 
The  frequency  distribution  of  hydraulic  conductivity  in  the  Wyodak  coal 
aquifer  approximates  a  log  normal  distribution  with  a  geometric  mean  of 
-0.09  (0.8  ft/d).  Rehm  and  others  (1980,  p.  554)  report  a  geometric  mean 
from  70  aquifer  tests  using  wells  completed  in  sandstone  (overburden)  as 
0.35  ft/d  and  from  63  aquifer  tests  using  wells  completed  in  siltstone  and 
claystone  (also  in  overburden)  as  0.007  ft/d.  They  also  report  a  geometric 
mean  of  hydraulic  conductivity  from  193  coal-aquifer  tests  conducted  in 
Wyoming,  North  Dakota,  and  Montana  as  0.9  ft/d. 
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Number  of  aquifer  tests  =  357 
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Figure  5. —  Frequency  distribution  of  the  logs  Figure  6. — Frequency  distribution  of  the  logs 
of  hydraulic-conductivity  values  from  of  hydraulic-conductivity  values  from 

aquifer  tests  of  the  Wasatch  aquifer.  aquifer  tests  of  the  Wyodak  coal  aquifer. 


Areal  variation  of  hydraulic  conductivity  in  the  Wyodak  coal  aquifer 
was  investigated  by  dividing  the  study  area  into  three  subareas:  north, 
central,  and  south.  Comparison  was  made  of  the  probability  distribution  of 
the  hydraulic  conductivity  between  each  of  the  three  subareas.  The  north 
subarea  included  all  mines  north  of  and  including  the  Wyodak  Mine 
(T.  50-52  N.).  The  central  subarea  included  all  mines  from  Rocky  Butte  on 
the  north  to  Keeline  on  the  south  (T.  45-49  N.).  The  south  subarea  included 
all  mines  from  Jacobs  Ranch  on  the  north  to  Antelope  on  the  south 
(T.  40-43  N.).  These  three  subareas  were  chosen  because  mines  are  close 
together  in  each  subarea  and  because  subareas  are  separated  by  gaps  of 
several  miles.  The  probability  distribution  of  the  logs  of  hydraulic- 
conductivity  values  for  each  of  the  three  subareas  and  for  the  total  study 
area  is  shown  on  figure  7.  There  is  no  significant  difference  in  the 
distribution  of  hydraulic  conductivity  for  the  three  subareas. 


Recharge,  Movement,  and  Discharge 

Recharge  to  the  Wasatch  aquifer  is  from  infiltration  of  precipitat ion 
and  lateral  movement  of  water  from  adjacent  clinker.  Water  is  discharged  by 
small  springs  and  seeps  along  stream  drainages,  by  evaporation  and 
transpiration,  and  by  pumping  of  wells.  Local  flow  systems  are  predominant, 
with  discharge  occurring  along  creeks  and  minor  tributaries  adjacent  to 
recharge  areas.  Regional  ground-water  movement  is  toward  the  north, 
however,  the  quantity  of  water  is  small  and  the  rate  of  movement  is  slow 
because  the  fine-grained  rocks  in  the  Wasatch  Formation  impede  the  flow  of 
water. 

Recharge  to  the  Wyodak  coal  aquifer  occurs  primarily  along  the  outcrop 
areas  of  associated  clinker.  Regional  flow  is  toward  the  northwest  as 
indicated  by  the  configuration  of  the  potentiometric  surface  prepared  by 
Daddow  (1986).  Local  flow  may  differ  from  regional  flow.  Coal-aquifer 
recharge  and  discharge  occurs  locally  where  the  coal  subcrops  under  the 
floor  of  alluvium-filled  valleys.  In  the  southern  part  of  the  study  area, 
water  in  the  coal  is  not  moving  north,  but  is  moving  toward  local  discharge 
areas  where  Antelope  and  Porcupine  Creeks  cross  the  coal  subcrop. 

Recharge  to  aquifers  underlying  the  Wyodak  coal  bed  is  primarily  from 
the  infiltration  of  precipitation  on  outcrop  areas.  General  movement  of 
water  in  the  aquifers  is  northward  toward  the  Powder  River  and  Little  Powder 
River.  However,  discharge  to  these  streams  is  too  small  to  measure  (Rankl 
and  Lowry,  in  press).  Other  possible  discharge  mechanisms  include 
evapotranspiration  along  stream  drainages  and  pumping  by  wells.  Some  water 
leaks  downward  through  the  Fort  Union  Formation  into  the  underlying  strata. 

Maps  showing  areas  of  ground-water  recharge  and  discharge  at  each  mine 
are  included  in  the  mine-permit  applications.  Many  of  these  maps  depict 
local  flow  systems  rather  than  regional  flow  systems. 
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PROBABILITY 


LOG  OF  HYDRAULIC  CONDUCTIVITY,  IN  FEET  PER  DAY 

Figure  7. — Comparison  of  probability  distribution  of  the  logs 
of  hydraulic-conductivity  values  for  the  Wyodak  coal 
aquifer  for  three  subareas  and  the  total  study  area. 
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Impacts  of  Mining  on  Hydrogeology 

Hydraulic  Conductivity 

Mining  and  reclamation  will  result  in  the  replacement  of  the  Wasatch 
aquifer  in  the  overburden  and  the  Wyodak  coal  aquifer  with  unconsolidated 
backfilled  overburden  materials  referred  to  as  spoil.  The  spoil  aquifer  is 
developed  as  the  spoil  materials  become  saturated.  Although  the  lithologic 
materials  in  the  spoil  aquifer  will  be  the  same  as  previously  described  for 
the  overburden,  the  bedding  and  arrangement  of  materials  will  be  different. 

The  spoil  aquifer  will  be  created  by  physically  moving  overburden  to 
areas  being  backfilled,  either  by  dragline  or  shovel-and-truck  methods. 
Most  of  the  spoil  will  consist  of  unconsolidated  clay,  silt,  and  sand  mixed 
with  fragments  of  consolidated  claystone,  shale,  and  sandstone.  It  is 
anticipated  that  the  zone  closest  to  the  base  of  the  pit,  or  the  base  of 
each  layer  in  areas  backfilled  by  multiple  layers,  will  be  the  most 
permeable  horizon  within  the  reclaimed  spoil  (Rahn,  1976;  Van  Voast  and 
others,  1976;  Groenewold,  1979).  The  more  permeable  zone  is  formed  by  the 
tendency  for  the  coarser  overburden  material  to  roll  to  the  bottom  of  the 
pit  floor  or  to  the  base  of  the  layer  as  the  material  is  dumped. 

Research  in  other  coal-mining  areas  in  the  northern  Great  Plains 
indicates  that  hydraulic  conductivity  in  the  reclaimed  spoil  will  be  large 
enough  to  consider  the  material  an  aquifer.  Rehm  and  others  (1980)  reported 
hydraulic-conductivity  values  of  spoil  aquifers,  ranging  from  0.02  to 
2.9  ft/d  with  a  geometric  mean  of  0.23  ft/d.  Van  Voast  and  others  (  1976) 
reported  hydraulic-conductivity  values  of  spoil  aquifers  ranging  from  0.004 
to  9.8  ft/d  with  an  average  from  0.2  to  1.0  ft/d.  Thompson  and  Van  Voast 
(1983)  reported  an  average  hydraulic  conductivity  for  spoil  aquifers  of 
0.5  ft/d. 

Values  of  hydraulic  conductivity  determined  from  aquifer  tests  using 
wells  completed  in  spoil  aquifers  within  the  study  area  generally  ranged 
from  0.07  to  2.0  ft/d  with  the  arithmetic  average  skewed  to  the  low  end  of 
the  range.  Some  settling  and  compaction  of  the  spoil  material  is 
anticipated,  causing  the  hydraulic  conductivity  to  decrease.  However,  the 
final  hydraulic  conductivity  of  the  spoil  aquifer  probably  will  approximate 
the  geometric  mean  values  of  hydraulic  conductivity  for  the  undisturbed 
Wasatch  aquifer  (0.2  ft/d)  and  the  Wyodak  coal  aquifer  (0.8  ft/d). 

Mining  and  reclamation  will  result  in  the  replacement  of  the  Wasatch 
aquifer  and  Wyodak  coal  aquifer  with  unconsolidated  backfilled  spoil 
materials.  The  resulting  spoil  aquifer  is  predicted  to  have  approximately 
the  same  hydraulic  conductivity  as  did  the  Wasatch  aquifer  and  Wyodak  coal 
aquifer. 
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Recharge,  Movement,  and  Discharge 


The  potential  for  recharge  to  the  backfilled  spoil  will  be  greater  than 
in  areas  not  disturbed  by  mining.  The  natural  bedding  will  be  destroyed, 
creating  a  more  isotropic  condition  in  the  spoil,  resulting  in  generally 
greater  vertical  permeability  than  exists  in  undisturbed  areas.  The 
infiltration  capacity  of  the  backfilled  and  reclaimed  spoil  will  be  greater 
than  that  of  the  undisturbed  Wasatch  aquifer  and  Wyodak  coal  aquifer. 
However,  the  infiltration  rate  for  reclaimed  soils  is  less  than  that  for 
natural  soils  due  to  the  lack  of  root  structure  and  other  paths  for  vertical 
movement  of  water.  After  several  years,  infiltration  rates  for  reclaimed 
soils  will  increase  to  approximately  the  same  rates  as  for  undisturbed 
soils.  As  infiltration  rates  increase  to  approximate  premining  conditions, 
ground-water  recharge  rates  also  will  increase  to  approximate  premining 
conditions. 

Although  the  recharge  potential  of  the  reclaimed  mine  areas  will 
increase,  the  actual  recharge  rate  after  reclamation  probably  will 
approximate  or  be  somewhat  greater  than  premining  recharge.  Actual  recharge 
will  depend  on  how  well  vegetation  is  re-established  and  maintained,  and  how 
well  the  surface  contours  are  restored.  A  flatter  average  slope  of  the 
reclaimed  land  would  increase  the  potential  recharge  by  decreasing  the  rate 
of  runoff  from  reclaimed  areas.  Recharge  will  increase  locally  where  water 
is  allowed  to  pond  in  surface  impoundments.  Also,  some  increase  in  recharge 
along  re-constructed  channels  probably  will  occur  during  the  infrequent 
periods  of  surface  runoff. 

Postmining  recharge  rates  and  mechanisms  will  not  change  in  areas  where 
lateral  movement  of  ground  water  from  adjacent  clinker  is  a  major  source  of 
recharge.  This  is  because,  in  general,  the  clinker  will  not  be  disturbed  by 
mining  operations.  After  mining  and  reclamation  have  been  completed,  water 
will  move  laterally  from  clinker  to  the  spoil  aquifer. 

Recharge  to  the  spoil  aquifer  will  be  from  infiltration  of 
precipitation,  lateral  flow  from  the  undisturbed  clinker  and  the  Wasatch 
aquifer  and  Wyodak  coal  aquifer,  and  leakage  from  surface-water  impoundments 
and  stream  channels.  Estimates  of  the  time  required  for  the  ground-water 
system  to  re-establish  equilibrium  varies  from  a  few  tens  of  years  to 
hundreds  of  years.  The  anticipated  potentiometr ic  surface  of  the  spoil 
aquifer  will  resemble  a  composite  of  the  premining  potentiometric  surfaces 
in  the  Wasatch  aquifer  and  Wyodak  coal  aquifer.  After  equilibrium  is 
re-established,  ground-water  flow  patterns  will  approximate  premining 
conditions.  Discharge  from  the  spoil  aquifer  will  flow  into  the  undisturbed 
Wasatch  aquifer  and  Wyodak  coal  aquifer  to  the  west  (regional  flow)  or  to 
reclaimed  stream  channels  (local  flow).  The  quantity  and  quality  of  ground 
water  that  may  be  discharged  from  the  spoil  aquifer  is  not  known,  and  so 
impacts  of  surface  coal  mining  cannot  be  fully  addressed  in  this  area. 
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Postmining  recharge,  movement,  and  discharge  of  ground  water  in  the 
Wasatch  aquifer  and  Wyodak  coal  aquifer  will  probably  not  be  substantially 
different  from  premining  conditions.  Recharge  rates  and  mechanisms  will  not 
change  substantially.  Hydraulic  conductivity  of  the  spoil  aquifer  will  be 
approximately  the  same  as  in  the  Wasatch  aquifer  and  Wyodak  coal  aquifer 
allowing  ground  water  to  move  from  recharge  areas  where  clinker  is  present 
east  of  mine  areas  through  the  spoil  aquifer  to  the  undisturbed  Wasatch 
aquifer  and  Wyodak  coal  aquifer  to  the  west. 


Ground-Water  Levels 


Measured  Declines 

Water  levels  in  the  Wasatch  aquifer  and  Wyodak  coal  aquifer  are 
measured  annually,  on  or  about  October  1,  by  members  of  the  Gillette  Area 
Groundwater  Monitoring  Organization  (GAGMO).  Water  levels  in  about  1,200 
monitoring  wells  at  20  mine  sites  were  measured  in  1986.  Well  location, 
aquifers  in  which  wells  are  completed,  and  water  levels  are  tabulated  and 
published  annually  by  GAGMO.  Also  included  in  the  annual  reports  are 
potentiometric-surface  maps  and  water-level-change  maps  for  both  the  Wasatch 
aquifer  and  Wyodak  coal  aquifer. 

The  water-level-change  maps  for  the  Wasatch  aquifer  indicate  that 
water-level  declines  from  1980  through  1986  resulting  from  mining  activities 
are  limited  to  areas  near  mine  pits  (Gillette  Area  Groundwater  Monitoring 
Organization,  1987).  Measured  water-level  declines  are  generally  less  than 
5  ft  at  distances  greater  than  0.5  mi  from  mine  pits.  Water-level 
measurements  in  wells  more  than  0.5  mi  from  mine  pits  indicate  approximately 
an  equal  number  of  occurrences  of  water-level  rises  and  water  level- 
declines.  Water-level  fluctuations  in  these  wells  probably  are  due  to 
naturally  occurring  events,  such  as  climatic  variations,  rather  than  mining 
operations.  Water-level  declines  in  the  Wasatch  aquifer  near  the  Wyodak 
Mine  have  been  limited  to  an  area  within  1,500  to  2,000  ft  of  the  pit 
(Everett,  1979,  p.  157)  even  though  the  mine  has  been  in  operation  for 
65  years. 

The  water-level-change  maps  for  the  Wyodak  coal  aquifer  indicate  that 
water-level  declines  from  1980  through  1986  resulting  from  mining  activities 
generally  are  less  than  10  ft  at  distances  greater  than  1  mi  from  the  mine 
pits  (Gillette  Area  Groundwater  Monitoring  Organization,  1987).  Water 
levels  in  wells  completed  in  the  Wyodak  coal  aquifer  and  located  near  mine 
pits  have  declined  as  much  as  80  ft  during  1980-86.  Water  levels  in  wells 
more  than  2  to  3  mi  from  mine  pits  have  not  been  affected  by  mining 
operations.  In  the  vicinity  of  active  mine  pits,  the  water-level-change 
maps  indicate  cones  of  depression. 
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Predicted  Areal  Extent  of  Declines  Resulting  from 
Individual  Existing  and  Proposed  Mines 

Each  coal-mining  company  has  predicted  the  areal  extent  of  5-ft  or  more 
water-level  declines  in  the  Wasatch  aquifer  and  Wyodak  coal  aquifer 
resulting  from  mining  operations  at  their  existing  and  proposed  mines. 
Predictions  are  based  on  the  results  of  numerical-flow  models  and  analytical 
methods.  Site-specific  data  used  in  the  models  and  analytical  methods  were 
obtained  from  aquifer  tests  and  test  drilling  at  the  mine  sites. 

The  small  hydraulic  conductivity  of  the  interbedded  claystone,  shale, 
and  siltstone,  and  the  discontinuous,  lenticular  nature  of  the  sandstone 
beds  comprising  the  Wasatch  aquifer  in  the  overburden  will  restrict  the 
effects  of  mining  on  water  levels  in  the  Wasatch  aquifer  to  areas  near 
active  mine  pits.  Coal-mining  companies  predict  water-level  declines  of 
5  ft  or  more  in  the  Wasatch  aquifer  to  extend  from  about  1,000  to  about 
2,000  ft  beyond  individual  mine  pits. 

The  predicted  5-ft  or  more  water-level  decline  in  the  Wyodak  coal 
aquifer  resulting  from  an  individual  existing  or  proposed  mine  generally 
extends  4  to  8  mi  beyond  the  lease  areas  (pi.  2).  Variations  in  the 
predicted  areal  extent  of  the  5-ft  or  more  water-level  decline  are  dependent 
on  local  hydraulic  properties,  length  of  time  a  pit  will  be  mined,  and 
professional  judgement  of  hydrologists  making  the  predictions. 

The  most  notable  exception  is  the  Eagle  Butte  lease  area  north  of 
Gillette  where  the  areal  extent  of  the  predicted  5-ft  or  more  water-level 
decline  is  shown  to  be  farther  than  12  mi  from  the  lease  area.  Use  of  large 
values  of  transmissivity  to  estimate  the  extent  of  water-level  declines  may 
be  the  reason  that  a  larger  area  is  predicted  for  this  lease  area  than  for 
other  lease  areas  in  the  study  area.  Because  there  is  no  evidence  to 
support  the  use  of  large  values  of  transmissivity  for  the  Wyodak  coal 
aquifer  outside  the  Eagle  Butte  lease  area,  it  was  assumed,  in  order  to  be 
consistent  with  predictions  for  other  lease  areas,  that  the  areal  extent  of 
predicted  5-ft  or  more  water-level  decline  will  be  about  8  mi. 

The  areal  extent  of  water-level  declines  depicted  on  plate  2  generally 
is  the  result  of  worst-case  analyses  using  the  projected  maximum  duration  of 
mining  operations  at  each  lease  area,  which  were  required  by  the  Wyoming 
Department  of  Environmental  Quality,  and,  therefore  usually  does  not  reflect 
actual  drawdowns.  Water-level  data  available  from  Gillette  Area  Groundwater 
Monitoring  Organization  (1987)  indicate  that  actual  effects  will  be  less 
than  the  worst-case  predictions.  The  worst-case  analyses  were  necessary  in 
the  early  days  of  mine  permitting,  before  most  mines  had  been  constructed. 
Predicted  water-level  changes  will  become  more  accurate  with  time  as 
measurements  of  water  levels  become  available  for  calibrating  the  numerical- 
flow  models. 

The  extent  of  the  predicted  5-ft  or  more  water-level  decline  resulting 
from  anticipated  mining  in  areas  with  Selected  Coal  Tracts  and  Preference 
Right  Lease  Applications  is  not  shown  on  plate  2  because  site-specific  data 
necessary  to  make  reasonable  predictions  are  not  available.  The  extent  and 
configuration  of  water-level  decline  associated  with  Selected  Coal  Tracts 
will  be  approximately  the  same  as  for  lease  areas,  assuming  that  mine  plans 
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and  hydrologic  conditions  are  similar  to  those  at  existing  lease  areas.  The 
addition  of  Preference  Right  Lease  Applications  areas  to  existing  coal 
leases  will  not  have  a  significant  effect  on  the  areal  extent  of  predicted 
water-level  declines  in  the  coal  aquifer  because  of  the  small  size  of  the 
Preference  Right  Lease  Application  areas  and  their  location  adjacent  to 
large  lease  areas. 


Predicted  Areal  Extent  of  Cumulative  Declines  Resulting 
from  All  Existing  and  Proposed  Mines 

Cumulative  water-level  declines  are  not  expected  to  be  substantial  in 
the  Wasatch  aquifer  because  water-level  declines  due  to  individual  mining 
operations  generally  will  not  extend  more  than  2,000  ft  beyond  the  mine 
pits.  The  areal  extent  of  water-level  declines  in  the  Wasatch  aquifer  will 
be  restricted  because  the  ground-water  system  consists  of  discontinuous 
sandstone  beds  that  have  limited  hydraulic  connection.  Therefore,  there 
will  be  few  areas  where  water-level  declines  from  individual  mines  will 
overlap  to  create  cumulative  impacts.  In  areas  where  a  cumulative  impact 
may  occur,  the  impacts  will  be  localized  because  of  the  discontinuous, 
lenticular  nature  of  the  sandstone  beds  comprising  the  Wasatch  aquifer. 

Water-level  declines  in  the  Wyodak  coal  aquifer  are  predicted  to  extend 
beyond  the  area  affected  by  individual  existing  and  proposed  mines  because 
of  the  cumulative  effect  of  adjacent  mining  operations.  The  probable  areal 
extent  of  the  cumulative  impacts  was  determined  for  each  mine  as  part  of  the 
mine-permit  applications  submitted  to  the  Wyoming  Department  of 
Environmental  Quality.  The  areal  extent  of  cumulative  water-level  declines 
generally  is  determined  by  superposition  of  predicted  water-level  declines 
resulting  from  individual  existing  and  proposed  mines.  In  its  most 
sophisticated  form,  the  determination  is  made  by  including  several  adjacent 
mining  operations  in  a  numerical  model  of  ground-water  flow.  The  area  of 
cumulative  impacts  for  existing  and  proposed  mines  was  determined  by 
compositing  information  from  mine-permit  applications  for  the  entire  study 
area. 


The  predicted  areal  extent  of  cumulative  water-level  declines  of  5  ft 
or  more  shown  on  plate  2  is  considered  a  worst-case  prediction  because  it  is 
based  on  worst-case  predictions  of  water-level  declines  resulting  from 
individual  mining  operations  at  existing  and  proposed  mines.  Within  the 
area  of  cumulative  water-level  declines,  water-level  declines  are  predicted 
to  range  from  5  to  80  ft  depending  on  the  proximity  to  mining  operations. 
Hydrologic  conditions,  such  as  permeable  fracture  zones  or  zones  of  small 
permeability,  may  affect  the  predicted  effects  locally. 

North  and  west  of  Gillette,  the  areal  extent  of  cumulative  water-level 
declines  is  shown  to  be  as  much  as  15  mi  from  the  lease  areas.  This  large 
extent  is  due  primarily  to  the  large  areal  extent  of  water-level  decline 
from  the  Eagle  Butte  lease  area.  In  this  study,  it  was  assumed  that  the 
areal  extent  of  5-ft  water-level  decline  in  the  Wyodak  coal  aquifer  would  be 
about  8  mi  from  the  Eagle  Butte  lease  area.  This  assumption  also  will 
decrease  the  areal  extent  of  predicted  cumulative  water-level  decline  to 
less  than  that  shown  on  plate  2. 
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Predicted  Areal  Extent  of  Cumulative  Declines 
Resulting  from  All  Anticipated  Mining 

In  order  to  determine  which  water-supply  wells  may  be  affected  by 
water-level  declines  resulting  from  all  anticipated  mining,  the  area  of  the 
potential  cumulative  5-ft  or  more  water-level  decline  in  the  Wyodak  coal 
aquifer  resulting  from  all  anticipated  mining  was  approximated  and  is  shown 
on  plate  2.  The  extent  of  this  area  was  approximated  on  the  basis  of  the 
predicted  cumulative  5-ft  water-level  decline  (pi.  2)  resulting  from  the 
existing  and  proposed  mining,  the  location  and  potential  effects  of  the 
Selected  Coal  Tracts  and  areas  with  Preference  Right  Lease  Applications,  and 
the  extent  of  the  Wyodak  coal  bed.  In  general,  predicted  cumulative  water- 
level  declines  resulting  from  existing  and  proposed  mining  extend  about  8  mi 
from  lease  areas.  Therefore,  the  area  of  potential  cumulative  water-level 
declines  from  all  anticipated  mining  is  defined,  in  this  report,  as 
extending  from  the  outcrop  of  the  Wyodak  coal  bed  to  about  8  mi  from  areas 
of  all  anticipated  mining. 

Addition  of  areas  for  possible  future  mining  to  existing  lease  areas 
may  or  may  not  affect  the  predicted  extent  of  water-level  declines  from  all 
anticipated  mining  shown  on  plate  2.  The  areal  extent  of  water-level 
declines  may  be  substantially  changed  if  large  areas  are  leased  for  mining 
where  there  are  now  (  1987)  no  leases,  Selected  Coal  Tracts,  or  Preference 
Right  Lease  Applications.  The  impacts  of  future  mining  in  areas  not 
included  in  the  definition  of  all  anticipated  mining  will  depend  on  the 
size,  location,  timing  of  mining  with  respect  to  adjacent  mines,  and  local 
hydrogeologic  conditions.  Generally,  the  probable  maximum  extent  of  5-ft  or 
more  water-level  decline  in  the  Wyodak  coal  aquifer  will  be  about  8  mi  from 
mined  areas.  If  additional  areas  are  leased  for  surface  coal  mining  in  the 
future,  the  8-mi  criterium  can  be  applied  to  determine  if  the  areal  extent 
of  water-level  decline  in  the  Wyodak  coal  aquifer  will  be  substantially 
different  from  that  shown  on  plate  2. 


GROUND-WATER  USE 

About  4,800  wells  with  valid  ground-water  rights  are  in  the  study  area. 
The  number  of  wells  is  estimated  on  the  basis  of  a  computer  retrieval  of 
water-well  completion  data  for  the  entire  study  area  by  the  Wyoming  State 
Engineer's  Office.  Wells  not  registered  with  the  State  Engineer  do  not  have 
valid  water  rights  and  are  not  included  in  the  retrieval  of  well-completion 
data. 


Of  the  4,800  wells  in  the  study  area,  about  2,700  wells  are  used  as 
sources  of  water  supply:  about  2,000  wells  are  used  for  domestic  or 
livestock  supplies,  and  about  700  wells  are  used  for  municipal,  industrial, 
irrigation,  or  miscellaneous  supplies.  Miscellaneous  uses  include  domestic 
supply  for  subdivisions,  trailer  parks,  and  potable  supplies  at  coal  mines 
and  commercial  establishments.  The  remaining  2,100  wells  in  the  study  area 
are  used  by  coal-mining  companies  for  monitoring  or  dewatering  purposes. 
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About  3,000  wells  are  in  the  area  of  potential  cumulative  water-level 
declines  resulting  from  all  anticipated  mining.  Of  these  3,000  wells,  about 
1,200  are  outside  the  areas  of  anticipated  mining:  about  1,000  wells  supply 
water  for  domestic  or  livestock  uses,  and  about  200  wells  supply  water  for 
municipal,  industrial,  irrigation,  and  miscellaneous  uses.  The  remaining 
1,800  wells  are  used  by  coal-mining  companies:  about  1,700  wells  are  used 
for  monitoring  ground-water  levels  and  quality,  and  about  100  wells  are  used 
for  water  supply  and  dewatering  at  mine  sites. 


Impacts  of  Water-Level  Declines  on  Ground-Water  Use 

The  impacts  of  water-level  declines  are  of  primary  concern  for  the 
1,200  wells  outside  the  areas  of  anticipated  mining  and  not  for  the  1,800 
wells  used  by  the  coal-mining  companies.  Water-level  declines  in  monitoring 
wells  are  not  detrimental  in  that  they  do  not  affect  the  use  of  the  well  for 
its  intended  purpose.  Water-level  declines  in  water-supply  wells  and 
dewatering  wells  owned  by  coal-mining  companies  were  not  investigated 
because  water-level  declines  in  these  wells  will  be  caused  primarily  by 
mining  operations  of  the  companies  owning  the  wells  rather  than  by 
cumulative  impacts  of  all  anticipated  mining  operations. 

In  order  to  determine  the  impacts  of  water-level  declines  on  the  1,200 
water-supply  wells  outside  the  areas  of  anticipated  mining,  the  aquifer  in 
which  the  well  is  completed  had  to  be  determined.  According  to  well  logs 
and  completion  reports  for  these  wells,  about  580  wells  are  completed  in  the 
Wasatch  aquifer,  about  100  in  the  Wyodak  coal  aquifer,  and  about  280  in 
aquifers  s tra tigraphically  below  the  Wyodak  coal  bed.  Stratigraphic 
location  of  the  completion  interval  could  not  be  determined  for  about  260 
wells  because  of  lack  of  information  on  the  well-completion  report.  Well- 
completion  data  for  the  1,200  water-supply  wells  outside  the  areas  of 
anticipated  mining  are  given  in  table  32  (Supplemental  Data  section  at  back 
of  report) . 

The  impacts  of  water-level  declines  on  wells  outside  mining  areas  will 
depend  on  the  magnitude  of  decline  that  occurs  in  the  individual  wells, 
which  in  turn,  is  related  to  the  proximity  of  a  well  to  mining  operations. 
Other  factors  important  in  determining  the  impacts  on  individual  wells 
include  the  depth  of  the  well,  the  depth  and  number  of  perforated  intervals, 
depth  to  water,  and  the  yield  required  from  the  well  to  maintain  it  as  a 
useable  source  of  water. 

The  most  important  factor  in  determining  if  the  water  level  in  a  well 
will  be  affected  by  mining  operations  is  the  stratigraphic  location  of  the 
perforated  interval  of  the  well  and,  consequently,  the  aquifer  in  which  the 
well  is  completed.  In  wells  completed  in  the  Wasatch  aquifer  in  the  area  of 
anticipated  water-level  declines,  water  levels  will  decline  only  if  the 
wells  are  about  2,000  ft  or  less  from  a  mine  pit.  Water-supply  wells 
completed  in  the  Wasatch  aquifer  are  shown  on  plate  3.  However,  wells 
completed  in  the  Wyodak  coal  aquifer  may  be  affected  as  far  away  as  8  mi 
from  mine  pits.  Wells  completed  in  the  underlying  aquifers  will  not  be 
affected  by  dewatering  of  the  mine  pits,  but  may  be  affected  by  withdrawals 
from  wells  supplying  facilities  at  mines. 
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Wells  completed  in  the  Wyodak  coal  aquifer  also  are  shown  on  plate  3. 
Water-level  declines  in  these  wells  are  predicted  to  range  from  less  than 
5  ft  in  wells  far  away  from  mining  operations  to  more  than  80  ft  in  wells 
near  mining  operations.  Most  wells  completed  in  the  coal  aquifer  are  small- 
yield  (less  than  25  gal/min)  domestic  and  livestock  water-supply  wells.  If 
the  water  level  in  any  of  the  wells  declines  such  that  the  yield  is  markedly 
decreased,  the  well  can  be  deepened  or  replaced  with  a  well  completed  in  the 
underlying  aquifers. 

Most  mines  in  the  Gillette  area  have  wells  completed  in  the  lower  part 
of  the  Fort  Union  Formation  (Tongue  River-Lebo  aquifer  and  Tullock  aquifer). 
Water  from  these  wells  is  used  for  potable  supply,  dust  control,  equipment 
washing,  and  so  forth.  In  addition  to  the  wells  at  the  mines,  many  of  the 
subdivisions  and  trailer  parks  near  Gillette  obtain  their  water  supply  from 
wells  completed  in  the  lower  part  of  the  Fort  Union  Formation.  The  city  of 
Gillette  has  12  public-supply  wells  completed  in  this  same  stratigraphic 
interval . 

Water-level  declines  in  the  lower  part  of  the  Fort  Union  Formation  have 
been  documented  in  the  Gillette  area.  However,  these  declines  are  most 
likely  attributable  to  withdrawals  at  subdivisions  and  trailer  parks  in  and 
near  Gillette  (M.A.  Crist,  U.S.  Geological  Survey,  written  commun .  ,  1987). 
Wells  supplying  facilities  at  mines  are  scattered  throughout  a  large  area. 
Because  there  is  no  major  center  of  pumping,  most  of  the  water-level  decline 
due  to  withdrawal  from  these  wells  occurs  within  1  mi  of  the  pumped  well. 
Static  water  levels  measured  in  wells  completed  in  the  lower  part  of  the 
Fort  Union  Formation  generally  are  500  ft  or  more  above  the  top  of  the 
perforated  interval.  Water-level  declines  of  100  to  200  ft  in  the  vicinity 
of  a  pumped  well  will  not  dewater  the  aquifer.  However,  the  yields  of  wells 
located  near  wells  supplying  facilities  at  mines  may  be  affected  by  water- 
level  declines  in  the  vicinity  of  the  pumped  wells. 


Alternative  Sources  of  Supply 

Although  surface-water  supplies  are  limited  in  the  study  area, 
alternative  sources  of  ground-water  supplies  are  available  to  replace 
existing  supplies  that  may  be  interrupted  or  depleted  by  water-level 
declines  resulting  from  mining  operations.  Shallow  ground  water  is  the 
principal  source  of  domestic  and  livestock  supplies.  Affected  wells 
completed  in  the  Wasatch  aquifer  or  Wyodak  coal  aquifer  could  be  replaced  by 
wells  completed  in  either  the  Tongue  River-Lebo  aquifer  or  Tullock  aquifer. 
Wells  completed  in  the  Tongue  River-Lebo  aquifer  or  Tullock  aquifer  probably 
will  not  be  affected  by  water-level  declines;  if  they  are  affected, 
replacement  wells  could  be  completed  in  the  underlying  Lance-Fox  Hills 
aquifer.  Relocation  of  existing  water-supply  wells,  deepening  of  wells,  and 
construction  of  new  wells  require  analysis  and  approval  by  the  Wyoming  State 
Engineer. 

The  Tongue  River-Lebo  aquifer  consists  of  800  to  1,000  ft  of  lenticular 
beds  of  fine-grained  claystone,  shale,  and  sandstone.  Well  yields  generally 
are  sufficient  for  domestic  and  livestock  supplies.  The  Tullock  aquifer  is 
composed  of  numerous  lenticular  sandstone  beds  isolated  by  interbedded  shale 
and  siltstone.  Yields  of  200  to  300  gal/min  are  available  from  wells 
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completed  in  the  Tullock  aquifer.  The  Lance-Fox  Hills  aquifer  consists  of 
lenticular  beds  of  massive  sandstone  isolated  by  interbedded  shale  and 
siltstone.  Well  yields  as  much  as  380  gal/min  are  available  from  wells 
perforated  through  the  entire  stratigraphic  interval  of  the  Lance-Fox  Hills 
aquifer. 

The  main  alternative  sources  of  water  supplies  for  wells  significantly 
impacted  by  mining  operations  will  be  the  Tongue  River-Lebo  aquifer  for 
domestic  and  livestock  supplies  and  the  Tullock  aquifer  or  Lance-Fox  Hills 
aquifer  for  uses  requiring  a  larger  yield.  Withdrawals  from  large-capacity 
wells  completed  in  the  Tullock  aquifer  or  Lance-Fox  Hills  aquifer  should  not 
affect  water  supplies  of  wells  completed  in  the  Tongue  River-Lebo  aquifer 
because  they  are  hydrologically  separated  by  a  thick  shale  zone. 


Quality  of  Alternative  Supplies 

Water  quality  in  aquifers  in  the  Fort  Union  Formation  is  variable  and 
appears  to  correlate  with  the  permeability  of  the  water-yielding  sands  and 
proximity  to  the  recharge  area.  Dissolved-solids  concentrations  range  from 
about  200  to  about  3,000  mg/L  (milligrams  per  liter),  but  commonly  range 
between  500  and  1,500  mg/L  (Hodson  and  others,  1973).  Larson  (1984) 
summarized  dissolved-solids  concentration  data  for  60  water  samples  from 
aquifers  in  the  Fort  Union  Formation  in  Campbell  County;  the  median 
concentration  was  1,230  mg/L,  and  the  average  concentration  was  1,480  mg/L. 

Selected  water-quality  data  for  samples  from  wells  completed  in 
aquifers  in  Upper  Cretaceous  formations,  stratigraphically  below  the  Fort 
Union  Formation,  were  compiled  for  areas  within  and  adjacent  to  the  study 
area  (fig.  8).  Sources  of  data  for  this  compilation  include  the  Water  Data 
Storage  and  Retrieval  System  (WATST0RE)  water-quality  file  of  the  U.S. 
Geological  Survey  and  geochemical  studies  done  by  Chatham  and  others  (1981) 
and  Henderson  (  1984).  It  was  assumed  that  the  data  compiled  from  those 
sources  were  representative  of  water  quality  in  the  Lance-Fox  Hills  aquifer. 
Additional  summaries  of  water-quality  data  that  pertain  to  the  study  area 
have  been  done  by  Larson  (1984)  and  Larson  and  Daddow  (1984). 

In  order  to  provide  a  brief  overview  of  the  water  quality  from  aquifers 
of  Late  Cretaceous  age,  the  concentration  ranges  of  dissolved  solids, 
fluoride,  and  selenium  in  these  ground  waters  are  illustrated  in  figure  9. 
Dissolved-solids  concentrations  in  130  ground-water  samples  ranged  from  240 
to  2,800  mg/L  (fig.  9).  About  13  percent  of  the  samples  had  dissolved- 
solids  concentrations  less  than  the  500-mg/L  standard  for  domestic  use 
(Wyoming  Department  of  Environmental  Quality,  1980a). 

Dissolved  fluoride  concentrations  in  124  ground-water  samples  ranged 
from  less  than  0.1  to  6.0  mg/L  (fig.  9).  Assuming  a  maximum  daily  air 
temperature  of  54  to  58  °F,  the  maximum  acceptable  fluoride  concentration  in 
a  public  water  supply  is  2.2  mg/L  (Wyoming  Department  of  Environmental 
Quality,  1980a).  About  10  percent  of  the  ground-water  samples  had  fluoride 
concentrations  that  exceeded  this  maximum  concentration. 
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Figure  8. — Location  of  sampling  sites  for  which  water-quality  data 
is  available  for  water  samples  from  aquifers  in  Upper 
Cretaceous  formations. 
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Figure  9. — Histograms  of  selected  water-quality  constituents  in 

water  samples  from  aquifers  in  Upper  Cretaceous  formations. 
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Dissolved-selenium  concentrations  in  70  ground-water  samples  ranged 
from  less  than  0.001  to  greater  than  0.01  mg/L  (fig.  9).  About  6  percent  of 
the  ground-water  samples  had  dissolved-selenium  concentrations  exceeding  the 
standard  of  0.01  mg/L  for  domestic  use  as  prescribed  by  the  Wyoming 
Department  of  Environmental  Quality  (1980a). 

Alternative  sources  of  ground-water  supplies  are  available  to  replace 
existing  supplies  that  are  interrupted  or  depleted  by  water-level  declines 
resulting  from  mining  operations.  Alternative  sources  are  the  Tongue  River- 
Lebo  aquifer  and  the  Lance-Fox  Hills  aquifer.  Although,  the  quality  of 
water  from  these  alternative  sources  does  not  always  meet  the  State  domestic 
standard,  it  is  approximately  the  same  as  the  quality  of  water  currently 
being  used. 


GROUND-WATER  QUALITY 

Surface  coal  mining  in  the  study  area  has  the  potential  to  affect  the 
ground-water  quality  in  near-surface  aquifers.  The  removal  of  coal  from 
mines  in  the  study  area  modifies  near-surface  aquifers  by  replacing  the 
Wasatch  aquifer  and  Wyodak  coal  aquifer  with  rubblized  overburden  material 
which  becomes  saturated  as  the  postmining  water  table  equilibrates  after 
mining.  In  general,  the  Wasatch  aquifer  and  spoil  aquifers  are  of  limited 
regional  extent,  whereas  the  Wyodak  coal  aquifer  is  more  regional. 


Existing  Water-Quality  Data 

Chemical  data  from  premining  (Wasatch  aquifer  in  the  overburden  and 
Wyodak  coal  aquifer)  and  postmining  (spoil  aquifers)  ground-water  samples 
were  compiled  from  existing  information  collected  from  selected  coal  mines 
in  the  study  area  (fig.  10).  Water  samples  were  collected  by  the  coal¬ 
mining  companies  and  the  chemical  analyses  were  compiled  from  files  of  the 
Wyoming  Department  of  Environmental  Quality.  Premining  water-quality  data 
were  compiled  from  174  chemical  analyses  of  samples  collected  from  50  wells 
completed  in  the  Wasatch  aquifer  and  from  379  chemical  analyses  of  samples 
collected  from  88  wells  completed  in  the  Wyodak  coal  aquifer  at  7  existing 
mines.  Postmining  water-quality  data  were  compiled  from  336  chemical 
analyses  of  samples  collected  from  45  wells  completed  in  spoil  aquifers  at 
10  existing  mines.  The  premining  water-quality  data  were  compiled  for 
samples  collected  from  1977  through  1986;  the  postmining  water-quality  data 
were  compiled  for  samples  collected  from  1981  through  1986.  Because  all 
existing  chemical  analyses  were  utilized  in  this  data  compilation,  the 
postmining  (spoil  aquifer)  data  set  is  biased  toward  large  concentrations  of 
constituents.  Because  at  present  (1987),  spoil  aquifers  are  not  fully 
saturated,  relatively  few  areas  of  backfilled  spoil  are  saturated,  and  more 
mining  and  resulting  spoil  areas  are  anticipated,  the  biased  water-quality 
data  represents  a  worst-case  statistical  summary  of  the  existing  water 
quality.  For  example,  a  spoil  aquifer  with  water  containing  constituents 
that  exceeded  a  particular  water-quality  standard  commonly  has  more  water- 
quality  sampling  wells  and  chemical  analyses  than  does  a  spoil  aquifer  with 
water  containing  constituents  that  do  not  exceed  any  water-quality 
standards . 
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Figure  10. — Location  of  surface  coal  mines  where  data  for  determining 
the  water  quality  in  aquifers  and  the  chemical  composition  of 
constituents  in  overburden  were  collected. 
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Water-quality  samples  were  analyzed  by  numerous  laboratories  and, 
therefore,  are  not  subject  to  consistent  quality-control  checks.  Analyses 
with  a  cation-anion  charge  balance  differing  by  greater  than  7  percent  were 
eliminated  from  the  data  set.  The  sample-preservation  and  analytical 
methods  used  may  not  be  consistent  within  the  compiled  data  set,  especially 
with  respect  to  the  minor-  and  trace-element  analyses.  However,  within  the 
limits  of  these  qualifications,  the  compiled  water-quality  data  are  useful 
for  summarizing  premining  water  quality  in  the  Wasatch  aquifer  and  the 
Wyodak  coal  aquifer,  and  postmining  water  quality  in  spoil  aquifers. 

The  compiled  water-quality  data  were  compared  to  the  Quality  Standards 
for  Wyoming  Groundwaters  published  by  the  Wyoming  Department  of 
Environmental  Quality  (1980a).  Hereafter  in  the  report,  these  water-quality 
standards  will  be  referred  to  as  the  State  standard  for  each  chemical 
constituent  of  interest. 

The  median  concentrations  of  dissolved  solids  and  sulfate  were  larger 
in  water  from  spoil  aquifers  compared  to  water  from  either  the  Wasatch 
aquifer  or  Wyodak  coal  aquifer  (table  4).  The  median  dissolved-solids  and 
sulfate  concentrations  in  water  samples  from  the  spoil  aquifers  were  less 
than  the  State  standard  for  livestock  (see  table  4).  Dissolved-solids 
concentrations  in  27  percent  of  the  water  samples  from  the  spoil  aquifers 
exceeded  the  State  standard  for  livestock,  compared  to  0  percent  for  water 
samples  from  the  Wyodak  coal  aquifer.  Dissolved-sulfate  concentrations  in 
16  percent  of  the  water  samples  from  the  spoil  aquifers  exceeded  the  State 
standard  for  livestock,  compared  to  0  percent  for  water  samples  from  the 
Wyodak  coal  aquifer.  The  maximum  dissolved-solids  concentration  in  water 
samples  from  the  spoil  aquifers  was  about  25,000  mg/L,  and  the  maximum 
dissolved-sulfate  concentration  was  about  17,000  mg/L. 

Data  from  7  of  the  10  individual  mines  listed  in  table  5  indicate  that 
median  dissolved-solids  concentrations  were  smaller  in  water  from  the  Wyodak 
coal  aquifer  compared  to  water  from  the  Wasatch  aquifer  and  spoil  aquifers 
(table  5).  The  increase  in  the  median  concentration  of  dissolved  solids  in 
water  from  the  spoil  aquifers  compared  to  water  from  the  Wyodak  coal  aquifer 
is  because  of  material  redistribution  during  mining.  As  noted  by  Groenewold 
and  others  (1983,  p.  138-139),  redistribution  of  overburden  materials 
(Wasatch  Formation)  creates  the  potential  for  substantial  changes  in  the 
chemical  reactivity  of  the  spoil-pile  landscape.  For  example,  emplacement 
of  sediments  from  the  unsaturated  zone  (premining)  to  depths  below  the 
postmining  water  table  could  cause  increases  in  the  dissol ved-sol ids 
concentration  resulting  from  dissolution  of  gypsum  and  other  efflorescent 
salts  accumulated  in  these  spoil  materials. 

The  median  concentration  of  fluoride  in  water  from  the  spoil  aquifers 
(0.34  mg/L)  was  smaller  than  in  water  from  the  Wyodak  coal  aquifer 
(0.52  mg/L)  (table  4).  A  possible  reason  for  the  smaller  median  fluoride 
concentration  in  water  from  the  spoil  aquifers  could  be  the  increased 
calcium  concentrations  in  water  from  the  spoil  aquifers  resulting  in 
precipitation  of  fluorite.  The  median  concentration  of  calcium  in  water 
from  the  Wyodak  coal  aquifer  was  105  mg/L;  the  median  concentration  of 
calcium  in  water  from  the  spoil  aquifers  was  478  mg/L. 
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Table  4. — Percentage  of  samples  with  concentrations  exceeding  State  standards  and 
statistical  summary  of  selected  constituents  in  water  samples  from  the  Wasatch 

aquifer,  Wyodak  coal  aquifer,  and  spoil  aquifers  from  selected  coal  mines 

[Constituents  are  dissolved;  concentrations  and  standards  are  in  milligrams  per  liter. 
Samples  collected  by  coal-mining  companies;  analyses  from  the  files  of  the  Wyoming 
Department  of  Environmental  Quality.  Total  number  of  samples  equals  total  number  of 
samples  that  were  chemically  analyzed.  Percentage  of  samples  with  concentrations  less 
than  detection  limit(s)  was  computed  from  the  total  number  of  samples  with  concentrations 
less  than  the  detection  limit(s)  divided  by  the  total  number  of  samples  for  each 
constituent;  there  may  be  more  than  one  detection  limit  due  to  the  various  laboratories 
and  methods  used  to  produce  the  data.  State  standard  refers  to  ground-water  quality 
standards  of  Wyoming  Department  of  Environmental  Quality  (1980a).  no  State 

standard;  l.d.,  less  than  analytical  detection  limit(s);  — ,  no  data] 


Chemical 
constituent 
and  aquifer 

Total 

number 

of 

samples1 

Percentage 
of  samples 
with  con¬ 
centrations 
less  than 
detection 
limit(s)  ( 

Median 

concentration 

Percentage  of  samples 
with  concentrations 
exceeding  State  standards 
(standards  in  parentheses) 

Domestic  Livestock 

Maximum 

concentration 

Dissolved 

sol ids 

(500) 

(5,000) 

Wasatch 

aquifer 

174 

0 

2,215 

98 

5 

9,470 

Wyodak  coal 
aquifer 

379 

0 

1,310 

100 

0 

5,180 

Spoil 

aquifers 

Sulfate 

336 

0 

3,680 

100 

(250) 

27 

(3,000) 

25,320 

Wasatch 

aquifer 

174 

0 

1,215 

83 

7 

5,800 

Wyodak  coal 
aquifer 

379 

2 

565 

100 

0 

3,030 

Spoil 

aquifers 

Fluoride 

336 

0 

2,080 

87 

2 ( 1 .4-2.4) 

16 

(-) 

17, 170 

Wasatch 

aquifer 

173 

4 

0.430 

0 

— 

1.8 

Wyodak  coal 
aquifer 

374 

0 

.515 

0 

2.92 

Spoil 

aquifers 

336 

0 

.34 

0 

*”  — 

2.15 
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Table  4. — Percentage  of  samples  with  concentrations  exceeding  State  standards  and  statistical 
summary  of  selected  constituents  in  water  samples  from  the  Wasatch  aquifer,  Wyodak  coal 

aquifer,  and  spoil  aquifers  from  selected  coal  mines — Continued 


Percentage 
of  samples 
with  con- 

Percentage  of  samples 

Total 

centrations 

with  concentrations 

Chemical 

number 

less  than 

exceeding  State  standards 

constituent 

of 

detection  Median 

(standards  in  parentheses) 

Maximum 

and  aquifer 

samples 1 

limit(s)  concentration 

Domestic  Livestock 

concentration 

Ammonia 

(0.50) 

(-) 

(as  nitrogen) 

Wasatch 

138 

3 

1.52 

88 

_ 

5.36 

aquifer 

Wyodak  coal 

337 

2 

1 .81 

89 

20.2 

aquifer 

Spoil 

335 

1 

1.53 

85 

29 

aquifers 

Nitrate 

(10.0) 

*(--) 

(as  nitrogen) 

Wasatch 

139 

23 

.120 

4 

36.4 

aquifer 

Wyodak  coal 

3  24 

30 

.09 

1 

21.3 

aquifer 

Spoil 

323 

25 

.  130 

19 

305 

aquifers 

Aluminum 

(  — ) 

(5.0) 

Wasatch 

167 

72 

l.d. 

0 

.9 

aquifer 

Wyodak  coal 

366 

80 

l.d. 

0 

1.5 

aquifer 

Spoil 

336 

61 

l.d. 

0 

8.4 

aquifers 

Arsenic1' 

(0.050) 

(0.020) 

Wasatch 

170 

92 

l.d. 

0 

0 

.021 

aquifer 

Wyodak  coal 

369 

100 

l.d. 

0 

0 

.006 

aquifer 

Spoil 

336 

66 

l.d. 

0 

0 

.049 

aquifers 

Barium 

(1.0) 

(  — ) 

Wasatch 

156 

81 

l.d. 

0 

.59 

aquifer 

Wyodak  coal 

348 

77 

l.d. 

1 

— 

2.4 

aquifer 

Spoil 

320 

81 

l.d. 

1 

2.2 

aquifers 
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Table  4. — Percentage  of  samples  with  concentrations  exceeding  State  standards  and  statistical 
summary  of  selected  constituents  in  water  samples  Prom  the  Wasatch  aquifer,  Wyodak  coal 

aquifer,  and  spoil  aquifers  from  selected  coal  mines — Continued 


Percentage 
of  samples 

with  con- 

Percentage  of  samples 

Total 

centrations 

with  concentrations 

Chemical 

number 

less  than 

exceeding 

State  standards 

constituent 

of 

detection 

Median 

( standards 

in  parentheses) 

Maximum 

and  aquifer 

samples 1 

limit(s)  i 

concentration 

Domestic 

Livestock 

concentration 

Boron * 

(0.75) 

(5.00) 

Wasatch 

163 

31 

0.07 

0 

0 

0.71 

aquifer 
Wyodak  coal 

356 

18 

.10 

2 

0 

2.9 

aquifer 

Spoil 

336 

5 

.15 

5 

0 

1.5 

aquifers 

Cadmium41 

(0.01) 

(0.05) 

Wasatch 

172 

84 

l.d. 

1 

0 

.02 

aquifer 
Wyodak  coal 

373 

96 

l.d. 

0 

0 

.03 

aquifer 

Spoil 

336 

57 

l.d. 

3 

0 

.029 

aquifers 

Chromium41 

(0.05) 

(0.05) 

Wasatch 

173 

82 

l.d. 

1 

1 

.06 

aquifer 
Wyodak  coal 

324 

91 

l.d. 

1 

1 

.09 

aquifer 

Spoil 

336 

78 

l.d. 

7 

7 

.75 

aquifers 

Copper41 

(1.0) 

(0.05) 

Wasatch 

170 

64 

l.d. 

1 

0 

1.61 

aquifer 
Wyodak  coal 

368 

72 

l.d. 

0 

0 

1 .21 

aquifer 

Spoil 

336 

64 

l.d. 

0 

0 

.2 

aquifers 

I  ron41 

(0.30) 

(-) 

Wasatch 

139 

43 

.06 

28 

_  _ 

98.1 

aquifer 
Wyodak  coal 

305 

34 

.08 

24 

7.53 

aquifer 

Spoil 

334 

13 

.18 

42 

114 

aquifers 
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Table  4 . --Percentage  of  samples  with  concentrations  exceeding  State  standards  and  statistical 
summary  of  selected  constituents  in  water  samples  from  the  Wasatch  aquifer,  Wyodak  coal 

aquifer,  and  spoil  aquifers  from  selected  coal  mines — Continued 


Percentage 

of  samples 

with  con- 

Percentage  of  samples 

Total 

centrations 

with  concentrations 

Chemical 

number 

less  than 

exceeding  State  standards 

constituent 

of 

detection  Median 

(standards  in  parentheses)  Maximum 

and  aquifer 

samples 1 

limit(s)  concentration 

Domestic  Livestock  concentration 

Lead1* 

(0.05) 

(0.10) 

Wasatch 

169 

89 

l.d. 

5 

4 

.83 

aquifer 
Wyodak  coal 

368 

95 

l.d. 

1 

0 

.13 

aquifer 

Spoil 

334 

73 

l.d. 

2 

0 

1.36 

aquifers 

Manganese ** 

(0.05) 

(-) 

Wasatch 

172 

7 

.25 

86 

9.80 

aquifer 
Wyodak  coal 

373 

18 

.06 

52 

2.90 

aquifer 

Spoil 

335 

2 

.58 

93 

8.52 

aquifers 

Mercury'* 

(0.0002) 

*(0.00005) 

Wasatch 

164 

98 

l.d. 

2 

2 

0.3 

aquifer 
Wyodak  coal 

355 

96 

l.d. 

2 

4 

.016 

aquifer 

Spoil 

335 

97 

l.d. 

1 

3 

.004 

aquifers 

Molybdenum 

(-) 

(-) 

Wasatch 

112 

97 

l.d. 

.02 

aquifer 
Wyodak  coal 

245 

99 

l.d. 

.03 

aquifer 

Spoil 

334 

94 

l.d. 

.  12 

aquifers 

Nickel'* 

(-) 

(-) 

Wasatch 

173 

66 

l.d. 

.  — 

.13 

aquifer 
Wyodak  coal 

372 

71 

l.d. 

1.1 

aquifer 

Spoil 

291 

55 

l.d. 

.650 

aquifers 
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Table  4. — Percentage  of  samples  with  concentrations  exceeding  State  standards  and  statistical 
summary  of  selected  constituents  in  water  samples  from  the  Wasatch  aquifer,  Wyodak  coal 

aquifer,  and  spoil  aquifers  from  selected  coal  mines — Continued 


Percentage 
of  samples 

with  con- 

Percentage  of  samples 

Total 

centrations 

with  concentrations 

Chemical 

number 

less  than 

exceeding 

State  standards 

constituent 

of 

detection 

Median 

(standards 

in  Darentheses) 

Maximum 

and  aquifer 

samples 1 2 * * 5 

limit(s)  ( 

concentration 

Domestic 

Livestock 

concentration 

Selenium" 

(0.01) 

(0.05) 

Wasatch 

164 

96 

l.d. 

0 

0 

.007 

aquifer 
Wyodak  coal 

355 

100 

l.d. 

0 

0 

.005 

aquifer 

Spoil 

335 

60 

l.d. 

26 

18 

3.388 

aquifers 

Zinc 

(5.0) 

(25.0) 

Wasatch 

173 

29 

0.02 

0 

0 

2.83 

aquifer 
Wyodak  coal 

372 

29 

0.02 

0 

0 

3.22 

aquifer 

Spoil 

336 

17 

.05 

0 

0 

5.09 

aquifers 

1  For  Wasatch  aquifer  and  the  Wyodak  coal  aquifer,  number  refers  to  water  samples  collected 
at  seven  existing  mines,  and  for  the  spoil  aquifers,  number  refers  to  water  samples  collected 
at  the  Eagle  Butte,  North  Antelope,  and  Rawhide  Mines  in  addition  to  the  same  seven  existing 
mines . 

2  Depends  on  the  annual  average  of  the  maximum  daily  air  temperature.  The  limit  of 
2.4  milligrams  per  liter  corresponds  to  a  temperature  of  12.0  “Celsius  and  less. 

1  State  nitrite  plus  nitrate  standard  for  livestock  is  100  milligrams  per  liter  as  nitrogen. 

*  Concentrations  are  reported  in  milligrams  per  liter  rather  than  micrograms  per  liter  to 
conform  with  units  used  in  State  standards  by  Wyoming  Department  of  Environmental  Quality. 

5  State  mercury  standard  for  livestock  (0.00005  milligram  per  liter)  is  less  than  the 
analytical  detection  limit  of  procedures  used  by  the  laboratories  doing  the  analyses. 
Therefore,  all  water  samples  with  a  detectable  mercury  concentration  exceed  the  livestock 
standard . 
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Table  5. — Summary  of  d i s s o 1 ved -s o 1 id s  concentrations,  in.  water  from  the  Wasatch 
aquifer.  Wyodak  coal  aquifer,  and  spoil  aquifers  by  coal  mine — Cont inued 
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The  median  concentration  of  nitrate  (as  nitrogen)  was  slightly  larger 
in  water  from  the  spoil  aquifers  compared  to  the  median  concentration  in 
water  from  the  Wasatch  aquifer  and  the  Wyodak  coal  aquifer  (table  4). 
Nitrite  plus  nitrate  in  10  percent  of  the  water  samples  from  the  spoil 
aquifers  exceeded  the  State  standard  for  livestock  compared  to  zero  percent 
of  the  water  samples  from  the  Wasatch  aquifer  and  Wyodak  coal  aquifer.  All 
of  the  water  samples  exceeding  the  State  standard  for  livestock  were  from 
five  closely  spaced  wells  at  the  Caballo  Mine.  (The  maximum  nitrate 
concentration  in  water  samples  from  the  spoil  aquifers  exceeded  300  mg/L  as 
nitrogen . ) 

Although  the  median  concentrations  of  chromium  and  selenium  in  water 
samples  from  the  spoil  aquifers  were  less  than  the  analytical  detection 
limits,  7  percent  of  the  water  samples  analyzed  for  chromium  and  18  percent 
of  the  water  samples  analyzed  for  selenium  exceeded  the  State  standard  for 
livestock  (table  4).  Based  on  the  water  samples  from  the  Wasatch  aquifer 
and  the  Wyodak  coal  aquifer,  1  percent  analyzed  for  chromium  and  zero 
percent  analyzed  for  selenium  exceeded  the  State  standard  for  livestock.  Of 
the  10  mines  where  water  samples  from  the  spoil  aquifers  were  collected, 
five  mines  had  at  least  one  sample  in  which  chromium  exceeded  the  State 
standard  for  livestock  and  three  mines  had  at  least  one  sample  in  which 
selenium  exceeded  the  State  standard  for  livestock.  Except  for  four  samples 
from  the  North  Antelope  Mine  and  one  sample  from  the  Belle  Ayr  Mine,  all  the 
selenium  analyses  exceeding  the  State  standard  for  livestock  were  from  six 
closely  spaced  wells  at  the  Caballo  Mine.  In  the  water  samples  from  the 
spoil  aquifers,  the  maximum  concentration  of  chromium  was  0.750  mg/L  and  the 
maximum  concentration  of  selenium  was  3.388  mg/L. 

Changes  with  time  in  dissolved-solids,  sulfate,  nitrate,  chromium,  and 
selenium  concentrations,  in  water  samples  from  selected  wells  illustrate 
that  water  quality  in  spoil  aquifers  may  change  with  time  in  the  same  well 
and  may  differ  between  mines  (figs.  11  and  12).  Part  of  this  variation 
possibly  is  due  to  sources  and  magnitude  of  recharge  to  the  spoil  aquifers 
and  the  chemical  composition  of  the  spoil  materials.  For  example,  a 
distinct  increase  in  dissolved-solids  and  sulfate  concentrations  during 
nearly  4  years  of  record  is  indicated  in  well  EG16-1R  (Clovis  Point  Mine) 
(fig.  11).  A  distinct  decrease  in  dissolved-solids  and  sulfate 
concentrations  from  1983  to  1985,  followed  by  a  distinct  increase  in  the 
concentrations  of  both  constituents  from  1985  to  1987  is  documented  for  well 
MB26-1P  (Cordero  Mine)  (fig.  11).  Dissolved  nitrate  concentrations  for  all 
three  wells  shown  in  figure  11  indicate  decreasing  trends  in  concentration 
with  time. 

Chromium  and  selenium  concentrations  in  water  samples  from  different 
wells  indicate  varying  trends  with  time.  For  example,  a  marked  increase  in 
chromium  concentration  during  the  1  year  of  record  is  documented  for  well 
SP4NA  (North  Antelope  Mine)  (fig.  12).  An  overall  decrease  in  chromium 
concentration  from  a  large  concentration  exceeding  0.35  mg/L  to  less  than 
the  detection  limit  of  0.02  mg/L  during  the  3-year  period  is  recorded  for 
well  RW2801  (Belle  Ayr  Mine)  (fig.  12).  Selenium  concentrations  in  wells 
CA723  and  CA724  (Caballo  Mine),  and  in  well  SP4NA  (North  Antelope  Mine) 
(fig.  12)  generally  decreased  with  time.  None  of  the  selenium 
concentrations  in  samples  from  these  three  wells  in  figure  12  were  less  than 
the  State  standard  for  livestock  of  0.05  mg/L. 
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DISSOLVED-SOLIDS  CONCENTRATION 
IN  MILLIGRAMS  PER  LITER 
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Figure  11. — Changes 
concentrations,  as 
wells  completed  in 


in  the  dissolved-solids,  sulfate,  and  nitrate 
a  function  of  time,  in  water  samples  from 
the  spoil  aquifers  at  selected  mines. 
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Figure  12. --Changes  in  the  chromium  and  selenium 
concentrations,  as  a  function  of  time,  in  water 
samples  from  wells  completed  in  the  spoil 
aquifers  at  selected  mines. 
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On  the  basis  of  the  comparison  between  the  existing  water-quality  data 
compiled  for  the  Wasatch  aquifer  and  the  data  compiled  for  the  Wyodak  coal 
aquifer  and  the  spoil  aquifers,  surface  coal  mining  will  initially  degrade 
ground-water  quality  in  the  areas  of  mining.  Because  d issolved-sol ids  and 
sulfate  concentrations  in  water  from  the  Wasatch  aquifer  and  the  Wyodak  coal 
aquifer  already  exceed  the  State  standard  for  domestic  use  (table  4),  the 
primary  concern  is  water-quality  degradation  that  might  make  the  water 
unsuitable  for  livestock.  In  general,  the  quality  of  current  (1987)  and 
future  water  from  the  majority  of  spoil  aquifers  will  meet  the  State  stand¬ 
ard  for  livestock.  Based  on  the  existing  water-quality  data  from  the  spoil 
aquifers,  the  primary  chemical  constituents  in  selected  wells  that  exceed 
the  State  standard  for  livestock  are  dissolved  solids,  sulfate,  nitrate, 
chromium,  and  selenium.  Except  for  the  consistently  detected  decrease  in 
nitrate  and  selenium  concentrations  (figs.  11  and  12),  data  for  the  other 
constituents  of  concern  (dissolved  solids,  sulfate,  and  chromium)  do  not 
indicate  consistent  decreases  in  concentration  with  time.  Additional  moni¬ 
toring  data  is  needed  to  determine  if  the  concentrations  of  all  constituents 
of  concern  (dissolved  solids,  sulfate,  nitrate,  chromium,  and  selenium)  will 
decrease  and  become  less  than  the  State  standard  for  livestock. 

Additional  surface  coal  mining  in  the  study  area  probably  will  produce 
postmining  ground  water  of  similar  quality  as  that  previously  identified  in 
table  4.  Because  only  10  of  the  16  coal  mines  in  the  study  area  currently 
(1987)  have  spoil  aquifers,  additional  mining  at  these  16  active  mines  and 
the  6  proposed  mines  probably  will  increase  the  number  of  spoil  aquifers. 
Assuming  that  the  water  quality  in  future  spoil  aquifers  will  be  similar  to 
the  quality  indicated  by  the  water-quality  data  for  the  existing  spoil 
aquifers,  the  increase  in  the  number  and  extent  of  spoil  aquifers  resulting 
from  future  mining  will  expand  the  areal  extent  of  the  recent  (through  1986) 
effects  of  surface  coal  mining  on  water  quality. 


Analysis  of  Variance 

The  number  of  samples  needed  to  define  representative  concentrations  of 
chemical  constituents  in  ground  water  from  a  particular  aquifer  is  directly 
related  to  the  natural  variation  of  concentrations  in  time  and  space.  If 
the  chemical  composition  of  ground  water  from  a  particular  aquifer  does  not 
change  with  time  and  is  spatially  homogenous,  then  one  sample  anywhere  in 
the  aquifer  will  describe  the  concentration  of  the  chemical  constituent  of 
interest,  assuming  sampling  and  analytical  errors  do  not  exist.  However,  in 
a  realistic  situation,  many  different  factors  affect  the  concentration  of  a 
dissolved  chemical  constituent  in  an  aquifer.  For  example,  the 
concentration  of  a  particular  chemical  constituent  can  be  affected  by 
different  components  of  the  total  variance  (geologic,  geographic,  temporal, 
analytical,  and  so  forth).  By  assessing  the  individual  variance  components 
in  the  existing  premining  (Wyodak  coal  aquifer)  and  postmining  (spoil 
aquifers)  data,  insights  into  required  sampling  density  and  frequency  during 
current  (1987)  and  future  programs  for  ground-water  quality  monitoring  can 
be  gained.  The  insights  gained  from  analyzing  the  variance  components  at 
existing  mines  will  be  useful  in  designing  future  monitoring  programs  at 
future  mines  planned  in  the  study  area.  Assessing  these  components  of 
variance  can  aid  in  the  interpretation  and  application  of  present  and  future 
monitoring  data. 
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In  order  to  analyze  the  variance  components  described  above,  a 
hierarchial  or  nested  analysis  of  variance  (NANOVA)  was  applied  to  water- 
quality  data  sets  for  the  Wyodak  coal  and  spoil  aquifers  that  were  compiled 
from  the  existing  water-quality  information.  A  three-level,  nested  design 
is  used  (fig.  13)  and  is  unbalanced  after  the  first  level.  The  first  two 
levels  are  associated  with  geographic  scales;  the  third  level  measures 
temporal  variation  within  each  well.  The  top-level  of  this  design  (among 
mines)  consists  of  mines  in  the  eastern  Powder  River  basin  (fig.  13).  Data 
were  available  from  7  mines  for  the  premining  analysis  and  10  mines  for  the 
postmining  analysis.  The  second  level  (among  wells)  consists  of  numerous 
monitoring  wells  within  each  mine,  and  the  third  level  (within  a  well) 
consists  of  different  sampling  times  at  each  well.  This  type  of  sampling 
design  and  interpretation  has  been  applied  to  premining  ground-water-quality 
data  in  the  eastern  Powder  River  basin  (U.S.  Geological  Survey,  1975, 
p.  58-61;  1977,  p.  173-178).  For  a  detailed  description  of  the  application 
of  NANOVA  calculations  to  sampling  design,  the  reader  is  referred  to  Klusman 
and  others  ( 1980) . 


AMONG  MINES 


AMONG  WELLS 

WITHIN  WELLS 


Figure  13. — Design  of  unbalanced  analysis  of  variance  used  for 
water-quality  data  sets  for  the  Wyodak  coal  aquifer 
and  spoil  aquifers. 


Because  the  data  bases  consist  of  existing  water-quality  data,  a 
completely  randomized  sample  selection  is  not  possible.  By  imposing  the 
three-level,  nested  design  on  the  existing  water-quality  data  bases  for  the 
Wyodak  coal  and  spoil  aquifers,  a  qualitative  indication  of  variance 
distributions  is  derived. 

Only  selected  chemical  constituents  were  chosen  for  analysis  of 
variance.  If  more  than  20  percent  of  the  concentrations  for  a  particular 
constituent  were  less  than  the  detection  limit,  the  constituent  was  not 
chosen  for  analysis  of  variance.  For  samples  with  fewer  than  20  percent  of 
the  concentrations  less  than  the  detection  limit,  a  concentration  equal  to 
0.7  of  the  detection  limit  was  substituted  for  the  concentrations  less  than 
the  detection  limit  (Miesch,  1976,  p.  A26). 


The  sample  variance  (s2)  for  ground  water  from  both  the  Wyodak  coal 
(premining)  aquifer  and  spoil  (postmining)  aquifers  is  partitioned  into 
three  components  according  to  the  following: 


—  s  *  +s*  +s^ 

total  among  mines  among  wells  within  wells. 


Due  to  the  lack  of  analytical  and  sampling  duplicates  in  the  existing  data 
sets,  the  analytical  and  sampling  variance  components  could  not  be  evaluated 
for  their  contribution  to  the  total  variance. 

In  order  to  evaluate  the  importance  of  the  among-mines  variance 
component,  the  variance  ratio  (v  )  as  referenced  by  Klusman  and  others 
(1980)  is  calculated.  The  variance  ratio  for  the  among-mines  level  is 
calculated  by  the  following: 

N  s2 

v  among  mines 


s  +s 

v  among  wells  within  wells 


where  =  the  estimated  variance  among  mines,  and 

D  =  the  estimated  variance  within  mines, 
v 


The  larger  the  variance  ratio,  the  more  likely  the  among-mines  variance  is 
significant.  For  example,  a  chemical  constituent  with  a  large  variance 
ratio  has  a  large  degree  of  variance  in  concentration  at  the  among-mines 
level,  which  indicates  that  a  minewide  average  of  this  constituent  can  be 
estimated  using  a  small  number  of  samples  and  still  be  distinguishable  among 
mines.  In  contrast,  a  chemical  constituent  with  a  small  variance  ratio 
indicates  a  large  part  of  the  total  variance  is  associated  with  small  scale, 
or  within-mine  variance.  A  large  proportion  of  small-scale  variance  for  a 
particular  constituent  indicates  that  a  large  number  of  water-quality 
samples  collected  from  the  Wyodak  coal  aquifer  or  spoil  aquifers  need  to  be 
analyzed . 

Calculation  of  the  variance  ratios  for  selected  chemical  constituents 
can  provide  important  information  on  the  sampling  adequacy  in  monitoring 
programs  of  the  Wyodak  coal  (premining)  aquifer  and  spoil  (postmining) 
aquifers.  Klusman  and  others  ( 1 980 )  have  used  the  variance  ratio  to 
quantify  the  number  of  random  samples  that  are  required  within  a  unit  cell 
so  the  averages  of  the  two  unit  cells  can  be  distinguished.  This  same 
technique  can  be  used  to  quantify  the  number  of  samples  needed  within  a  mine 
area  so  that  the  chemical  quality  of  water  at  two  mines  can  be 
distinguished.  The  variance  ratio  (v  )  can  be  used  to  determine  the  number 
of  random  samples  needed  per  unit  cell  (mine,  for  example)  at  both  the  80- 
and  95-percent  confidence  limits  (fig.  14).  For  example,  according  to 
figure  14,  a  variance  ratio  of  0.9  would  require  five  water  samples  per  mine 
to  differentiate  average  concentrations  of  chemical  constituents  among  mines 
at  the  95-percent  confidence  limit. 
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Estimates  of  the 


s  (among  wells)’  an<^  S 
the  total  variance  s2 


logarithmic  variance  components  s’(among  mlnes), 

,  .  , .  v .  and  their  corresponding  percentage  of 

(within  wells) ’ 

,  .  for  selected  dissolved  chemical  constituents 

( total ) 


are  given  in  table  6.  Variance  estimates  for  selected  chemical  constituents 
from  the  Wyodak  coal  aquifer  and  spoil  aquifers  were  derived  using  the 
UANOVA  (unvariate  analysis  of  variance)  computer  code  (Garrett  and  Goss, 
1980)  for  nested  analysis  of  variance  with  unequal  subclasses. 
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Figure  14. —  The  variance  ratio  that  can  be  used  to 
approximate  the  number  of  random  water  samples 
needed  from  each  unit  area  in  order  to  describe 
the  gross  differences  among  a  number  of  units 
(from  Dean  and  others,  1979). 
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Table  6. — Comparison  of  estimated  logarithmic  variance  components 
for  selected  chemical  properties  and  constituents  in  samples  of 

water  from  the  Wyodak  coal  aquifer  and  spoil  aquifers 

[Concentrations  in  milligrams  per  liter  unless  noted  otherwise; 
variance  components  are  expressed  as  percentages  of  the  total 
logarithmic  variance  for  each  chemical  constituent.  Symbols: 
v  ,  variance  ratio  for  mines;  n  ,  minimum  number  of  random 
samples  per  mine  needed  to  estimate  the  average  concentration  of 
the  selected  chemical  constituent  at  the  95-percent  confidence 
level;  n.d.,  not  determined  because  n^  is  infinitely  large] 


Chemical 
property  or 
constituent 
and  aquifer 

Total 

log10 

variance 

Percentage 

Among 

mines 

of  total 
Among 
wells 

variance 

Within 

wells 

v 

r 

n 

r 

pH  (units)1 

Wyodak  coal  aquifer 

0.143 

26.33 

16.89 

56.78 

0.357 

10 

Spoil  aquifer 

.331 

45.48 

26.09 

28.43 

.834 

5 

Alkalinity  (as  HCO;) 

Wyodak  coal  aquifer 

.043 

.79 

76.11 

23.10 

.008 

n.d . 

Spoil  aquifer 

.057 

.00 

82.20 

17.80 

.059 

n.d. 

Dissolved  solids 

Wyodak  coal  aquifer 

.059 

23.97 

64.81 

1 1.21 

.315 

11 

Spoil  aquifer 

.080 

20.22 

71.74 

8.04 

.253 

13 

Calcium 

Wyodak  coal  aquifer 

.170 

22.37 

65.09 

12.54 

.288 

12 

Spoil  aquifer 

.258 

39.81 

46.78 

13.40 

.662 

6 

Magnesium 

Wyodak  coal  aquifer 

.206 

24.75 

56.85 

18.40 

.329 

11 

Spoil  aquifer 

.178 

24.21 

61.45 

14.34 

.319 

11 

Sodium 

Wyodak  coal  aquifer 

.052 

.00 

82.42 

17.58 

.003 

n.d . 

Spoil  aquifer 

.060 

7.69 

82.60 

9.71 

.083 

n.d. 

Potassium 

Wyodak  coal  aquifer 

.053 

31.60 

43.44 

24.96 

.462 

8 

Spoil  aquifer 

.050 

40.32 

31.99 

27.69 

.676 

6 
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Table  6. — Comparison  of  estimated  logarithmic  variance  components  for 
selected  chemical  properties  and  constituents  in  samples  of  water 

from  the  Wyodak  coal  aquifer  and  spoil  aquifers — Continued 


Chemical 
property  or 
constituent 
and  aquifer 

Total 

log10 

variance 

Percentage 

Among 

mines 

of  total 
Among 
wells 

variance 

Within 

wells 

V 

r 

n 

r 

Sulfate 

Wyodak  coal  aquifer 

1.01 

18.94 

70.81 

10.25 

0.234 

14 

Spoil  aquifer 

.500 

16.99 

69.77 

13.24 

.205 

15 

Chloride 

Wyodak  coal  aquifer 

.121 

6.93 

73.40 

19.68 

.074 

n.d. 

Spoil  aquifer 

.237 

48.69 

40.78 

10.54 

.949 

5 

Fluoride 

Wyodak  coal  aquifer 

097 

5.91 

20.68 

73.41 

.063 

n.d. 

Spoil  aquifer 

.  104 

19.30 

37.82 

42.87 

.104 

29 

Boron 

Wyodak  coal  aquifer 

.068 

.69 

39.29 

60.01 

.007 

n.d. 

Spoil  aquifer 

.218 

25.29 

42.75 

31.96 

.338 

11 

1  pH,  by  definition,  is  a  logarithmic  value  and  was  not  transformed  for 
this  analysis. 


The  results  of  the  analysis  of  variance  calculations  indicate  a  large 

component  of  the  total  variance  at  the  within-mines  level  (s2 

r  among  wells 

plus  s2  ....  ,,  ).  In  general,  most  of  the  within-mines 

(s2  plus  s2  ....  )  variance  is  associated  with  the 

among-wells  component  rather  than  the  within-wells  component  (table  6). 
This  variance  analysis  indicates  that  temporal  variation  of  concentration 
within  a  well  was  relatively  small  compared  to  the  among-wells  variation. 
Therefore,  a  large  number  of  water  samples  are  needed  to  characterize  the 
chemistry  of  the  ground  water  from  the  Wyodak  coal  aquifer  and  spoil 
aquifers  within  a  mine  site.  Because  most  of  the  water-quality  monitoring 
data  for  the  Wyodak  coal  aquifer  and  spoil  aquifers  generally  were  from 
periods  of  less  than  5  years,  the  relative  proportion  of  temporal  variance 
could  change  as  more  data  become  available  in  the  future. 
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The  calculated  variance  ratios  (v  )  are  presented  in  table  6  for 
selected  chemical  properties  and  constituents  in  samples  of  water  from  the 
Wyodak  coal  aquifer  and  spoil  aquifers.  Based  on  analysis-of-var iance 
results  and  calculated  variance  ratios  for  the  selected  chemical  properties 
and  constituents,  considerations  for  current  (1987)  and  future  ground-water- 
quality  monitoring  of  the  Wyodak  coal  aquifer  and  spoil  aquifers  include  the 
following : 

1.  Sampling  efforts  need  to  focus  on  completing  numerous  wells  in 
spoil  aquifers  rather  than  collecting  a  large  number  of  water 
samples,  numerous  times,  from  a  only  a  few  wells.  The  current 
(1986)  number  of  monitoring  wells  completed  in  spoil  aquifers 
at  each  mine  in  the  study  area  ranges  from  1  well  at  the 
Rawhide  Mine  to  11  wells  at  the  Caballo  Mine. 

2.  For  maximum  sampling  effectiveness  with  the  minimum  possible 
cost  and  the  maximum  usefulness  of  present  and  future 
monitoring  data,  different  sampling  densities  need  to  be 
investigated  for  different  chemical  properties  and 
constituents.  The  exact  number  of  sampled  wells  or  number  of 
times  to  collect  samples  cannot  be  determined  with  the 
information  in  this  report;  however,  some  generalized 
conclusions  can  be  made.  Chemical  properties  and  constituents 
with  large  proportions  (greater  than  40  percent)  of  the  total 
variance  at  the  among-mines  level  (pH,  potassium,  and 
chloride)  only  need  a  small  number  of  samples  at  each  mine 
site  to  calculate  a  representative  minewide  average;  whereas, 
chemical  constituents  with  small  proportions  (less  than 
40  percent)  of  the  total  variance  at  the  among-mines  level 
(alkalinity,  dissolved  solids,  calcium,  magnesium,  sodium, 
sulfate,  fluoride  and  boron)  need  a  larger  number  of  samples 
at  each  mine  site  to  calculate  a  representative  average  for 
the  mine. 


Laboratory  Simulations 

Batch-mixing  and  column-leaching  tests  are  common  laboratory  procedures 
used  to  simulate  the  postmining  water  quality  that  might  occur  in  the  spoil 
aquifer  at  the  mine.  Results  from  batch-mixing  and  column-leaching  tests 
were  compiled  to  evaluate  the  predictive  capabilities  of  these  procedures  by 
comparing  the  laboratory  results  to  the  actual  postmining  water  quality  in 
the  spoil  aquifers  in  the  study  area. 

Batch-mixing  experiments  can  be  conducted  by  mixing  water  from  the 
Wyodak  coal  aquifer  and  spoil  material  in  a  specified  ratio  of  water  to 
spoil  material,  then  allowing  the  water  and  spoil  material  to  react  for  a 
specified  time.  During  the  interaction  of  the  water  and  spoil  material,  the 
batch-mixing  vessel  is  usually  shaken  or  rotated.  Davis  (1984,  p.  9) 
describes  the  procedure  used  in  this  study,  which  is  one  of  the  many  batch¬ 
mixing  procedures. 
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Naftz  (in  press)  compared  the  major-ion  chemistry  of  water  derived  from 
batch-mixing  experiments  (batch-extract  water)  with  the  actual  postmining 
quality  of  water  samples  collected  during  July  1984  from  a  well  completed  in 
the  spoil  aquifer  at  the  Cordero  Mine;  selected  results  are  presented  in 
figure  15.  In  the  batch-mixing  experiments,  using  a  ratio  of  water  to  spoil 
material  of  2:1  (by  weight),  the  batch-extract  water  had  smaller  concentra¬ 
tions  of  major  ions,  except  for  alkalinity,  than  did  water  samples  repre¬ 
senting  the  water  quality  of  the  spoil  aquifer  in  July  1984.  If  a  smaller 
ratio  of  water  to  spoil  material  had  been  used  in  this  particular  set  of 
batch-mixing  experiments,  then  the  quality  of  the  batch-extract  water  would 
have  more  closely  simulated  the  postmining  water  quality  of  the  spoil 
aquifer  at  the  Cordero  Mine  (Naftz,  in  press). 

Column-leaching  tests  are  done  by  packing  a  cylindrical  column  with 
spoil  material  and  then  injecting  water  into  the  column.  Effluent  water 
from  the  column  is  then  analyzed  at  different  time  intervals  to  obtain  an 
indication  of  how  the  postmining  water  quality  will  change  with  time. 
Column-leaching  tests  vary  in  the  flow  rate,  degree  of  saturation,  column 
length,  type  and  packing  of  spoil  material,  and  source  of  water. 

Data  from  column-leaching  tests  were  compiled  from  mining  permits 
obtained  from  the  Wyoming  Department  of  Environmental  Quality  in  an  attempt 
to  evaluate  whether  the  tests  could  simulate  postmining  water  quality.  Data 
from  column-leaching  tests  at  Caballo,  Keeline,  and  Rawhide  Mines  were  used 
in  this  compilation.  The  general  procedure  used  for  all  three  of  the 
column-leaching  tests  is  described  by  McWhorter  and  Landers  (1985). 
Deionized  water  was  used  in  the  column-leaching  tests  at  the  Caballo  and 
Rawhide  Mines  to  simulate  recharge;  whereas,  water  from  the  Wyodak  coal 
aquifer  was  used  in  the  tests  at  the  Keeline  Mine  to  simulate  recharge. 

Changes  in  the  concentrations  of  dissolved  solids  and  dissolved  nitrate 
(as  nitrogen)  during  the  three  sets  of  column-leaching  tests  were  compared 
with  median  concentrations  of  dissolved  solids  and  nitrate  in  existing  spoil 
aquifers  at  10  surface  coal  mines  in  the  eastern  Powder  River  basin 
(figs.  16  and  17).  In  general,  median  concentrations  of  dissolved  solids 
and  nitrate  in  the  spoil  aquifers  are  exceeded  until  at  least  1  pore  volume 
of  water  has  passed  through  the  columns  (figs.  16  and  17).  A  distinct  flat¬ 
tening  of  the  slope  of  the  line  for  dissolved-solids  and  nitrate  concentra¬ 
tions  occurs  after  about  1  pore  volume  of  water  has  passed  through  the 
columns  (figs.  16  and  17).  The  flattening  of  slope  after  1  pore  volume  pos¬ 
sibly  is  indicative  of  future  improvements  in  postmining  water  quality  after 
the  initial  dissolution  and  desorption  reactions  have  occurred  in  the  newly 
created  spoil  aquifer. 

The  column-leaching  tests  using  water  from  the  Wyodak  coal  aquifer  at 
the  Keeline  Mine  indicate  larger  concentrations  of  dissolved  solids  after 
1  pore  volume  has  passed  through  the  column  compared  to  the  column-leaching 
tests  using  deionized  water  (fig.  16).  This  was  due  to  the  larger  initial 
concentration  of  dissolved  solids  in  water  from  the  Wyodak  coal  aquifer 
(2,200  mg/L)  compared  to  the  deionized  water.  If  the  major  source  of 
recharge  to  a  spoil  aquifer  is  water  from  the  coal  aquifer,  the  use  of  water 
from  a  coal  aquifer  in  column-leaching  tests  possibly  represents  the  long¬ 
term  postmining  water  quality  more  accurately  than  does  the  use  of  deionized 
water . 
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SODIUM  CONCENTRATION,  ALKALINITY  CONCENTRATION, 

IN  MILLIMOLES  PER  LITER  IN  MILL  (EQUIVALENTS  PER  LITER 
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Figure  1 5. --Comparison  of  concentrations  in  batch-extract  water 
to  actual  concentrations  of  alkalinity,  calcium,  sodium,  and 
sulfate  in  water  from  the  spoil  aquifer  sampled  during 
July  1984  at  the  Cordero  Mine  (from  Naftz,  in  press). 
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DISSOLVED-SOLIDS  CONCENTRATION,  IN  MILLIGRAMS  PER  LITER 
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Figure  16. — Comparison  of  dissolved-solids  concentration  in 
water  derived  from  selected  column-leaching  tests  to  the 
number  of  pore  volumes  of  water  leached  through  the 
overburden. 
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Figure  1 /.--Comparison  of  dissoived-nitrate  concentration  in 
water  derived  from  selected  column-leaching  tests  to  the 
number  of  pore  volumes  of  water  leached  through  the 
overburden. 
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The  dissolved-selenium  concentrations  in  water  derived  from  column- 
leaching  tests  at  the  three  mines  became  smaller  as  the  number  of  pore 
volumes  leaching  through  the  columns  increased  (fig.  18).  The  largest 
concentration  of  dissolved  selenium  measured  in  the  initial  column  effluent 
exceeded  1.5  mg/L  using  spoil  material  from  Rawhide  Mine  (fig.  18).  Ground 
water  with  selenium  concentrations  larger  than  0.05  mg/L  is  considered 
unsuitable  for  consumption  by  livestock  (Wyoming  Department  of  Environmental 
Quality,  1980a,  p.  9).  Dissolved-selenium  concentrations  in  the  spoil 
aquifer  at  the  Caballo  Mine  initially  exceeded  0.5  mg/L.  Similar  to  the 
dissolved-solids  and  nitrate  concentrations  in  the  effluent  waters,  the 
graphs  for  dissolved  selenium  concentrations  show  a  distinct  flattening  of 
the  slope  that  occurred  after  about  1  pore  volume  of  water  was  leached 
through  the  columns  (fig.  18).  Effluent  waters  derived  after  about  1  pore 
volume  had  passed  through  the  columns  generally  had  selenium  concentrations 
exceeding  the  State  standard  for  livestock  of  0.05  mg/L  (fig.  18). 

Determination  of  overburden  suitability  for  aquifer  restoration  may  be 
another  important  use  of  column-leaching  tests.  The  specific  conductance  of 
overburden  and  the  content  of  nitrate  in  overburden  in  relation  to  concen¬ 
trations  of  dissolved  solids  and  dissolved  nitrate  (as  nitrogen)  in  the 
first  effluent  water  (less  than  0.11  pore  volume)  in  the  three  sets  of 
column-leaching  tests  are  shown  in  figure  19.  When  the  specific  conductance 
of  the  overburden  material  was  greater  than  2,900  yS/cm  (microsiemens  per 
centimeter  at  25  °C),  it  produced  an  initial  effluent  water  with  a 
dissolved-solids  concentration  greater  than  the  State  standard  for  livestock 
(fig.  19).  No  standard  for  specific  conductance  of  the  overburden  material 
is  recommended  for  aquifer  restoration  (Wyoming  Department  of  Environmental 
Quality,  1984). 

Contents  of  extractable  nitrate  greater  than  30  ug/g  (micrograms  per 
gram)  as  nitrogen  in  the  overburden  material  produced  an  initial  effluent 
water  with  a  dissolved-nitrate  concentration  exceeding  the  State  standard 
for  livestock  (fig.  19).  Overburden  material  with  contents  of  extractable 
nitrate  less  than  50  yg/g  as  nitrogen  are  considered  suitable  for  aquifer 
restoration  after  mining  (Wyoming  Department  of  Environmental  Quality, 
1984). 

In  general,  water-soluble  selenium  contents  of  overburden  material  do 
not  indicate  the  total  quantity  of  selenium  that  could  be  released  to  ground 
water  after  mining.  Although  selenium  concentrations  in  water  derived  from 
column-leaching  tests  were  usually  much  larger  than  0.005  mg/L,  the  water- 
soluble  selenium  contents  in  the  overburden  material  used  in  the  column- 
leaching  tests  were  generally  less  than  the  detection  limit  of  20  yg/kg 
(micrograms  per  kilogram).  Total-selenium  contents  in  overburden  samples 
from  the  Keeline  and  Caballo  Mines  (not  the  same  overburden  material  used  in 
the  column-leaching  tests)  were  determined  (fig.  20),  and  ranged  from  less 
than  100  to  3,800  yg/kg.  In  general,  the  sandstone  samples  from  these  mines 
had  total-selenium  contents  less  than  500  yg/kg;  whereas,  the  shale  samples 
had  total-selenium  contents  ranging  from  800  yg/kg  to  3,800  yg/kg  (fig.  20). 
Ebens  and  Shacklette  (1982,  p.  121)  reported  the  average  selenium  content  as 
190  yg/kg  in  sandstone  from  the  Fort  Union  Formation.  Spoil-material 
samples  from  the  Dave  Johnston  Mine  had  an  average  selenium  content  of 
280  yg/kg  (Ebens  and  Shacklette,  1982,  p.  120). 
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DISSOLVED  SELENIUM  CONCENTRATION,  IN  MILLIGRAMS  PER  LITER 
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Figure  18. — Comparison  of  dissolved-selenium  concentration  in 
water  derived  from  selected  column-leaching  tests  to  the 
number  of  pore  volumes  of  water  leached  through  the 
overburden. 
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Figure  19. — Dissolved-solids  and  nitrate  concentrations 
in  the  first  effluent  from  selected  column-leaching 
tests  in  relation  to  the  specific  conductance  and 
extractable-nitrate  content  in  the  overburden 
material  used  in  the  tests. 
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Figure  20. — Total-selenium  content  in  overburden  and  coal  samples  from  the  Caballo  and  Keeline  Mines. 


In  summary,  batch-mixing  experiments  using  a  water-to-spoil  material 
ratio  of  2:1  (by  weight),  had  smaller  major-ion  concentrations  compared  to  a 
July  1984  sample  of  the  water  quality  in  the  spoil  aquifer  at  the  Cordero 
Mine.  Column-leaching  test  results  were  highly  variable  depending  on  the 
type  of  water  used  in  the  columns  (deionized  or  water  from  a  coal  aquifer) 
and  the  chemical  composition  of  the  overburden.  The  median  dissolved-solids 
and  nitrate  concentrations  using  all  postmining  water  analyses  in  the  study 
area  were  generally  exceeded  until  at  least  one  pore  volume  had  passed 
through  the  columns.  Smaller  concentrations  of  dissolved  solids,  nitrate, 
and  selenium  in  future  postmining  water  were  predicted  by  the  column- 
leaching  test  results.  Actual  postmining  nitrate  and  selenium 
concentrations  are  currently  (1986)  indicating  decreases  with  time  at 
selected  wells  in  the  study  area  (figs.  11  and  12). 


Site-Specific  Geochemical  Studies 

The  Cordero  and  Dave  Johnston  Mines  (fig.  10)  were  selected  for 
detailed  study.  Detailed  geochemical  data  were  collected  from  these  mines 
and  used  to  interpret  the  hydrogeology  of  the  spoil-aquifer  systems  and  the 
possible  geochemical  reactions  controlling  the  evolution  of  postmining 
ground-water  quality.  Conclusions  drawn  from  the  following  site-specific 
studies  may  not  apply  to  all  mine  sites  in  the  study  area  because  of 
differences  in  overburden  quality,  hydrologic  conditions,  methods  of  mining, 
and  so  forth. 


Cordero  Mine 


Hydrogeology 

Ground  water  at  the  Cordero  Mine  is  present  in  the  Wasatch  aquifer, 
Wyodak  coal  aquifer,  and  spoil  aquifers.  Except  for  a  few  isolated  areas, 
yields  from  wells  completed  in  the  Wasatch  aquifer  are  small  (Cordero  Mine 
personnel,  written  commun.,  1983).  Clinker  along  the  eastern  edge  of  the 
Cordero  Mine  (fig.  21)  is  partially  saturated  except  where  mine  dewatering 
operations  have  taken  place.  The  spoil  aquifer  studied  at  the  Cordero  Mine 
(fig.  22),  which  was  created  during  pit  backfilling,  currently  (  1987)  is 
partially  saturated. 

The  potentiometr ic  surface  of  the  Wyodak  coal  aquifer  is  based  on 
ground-water  levels  measured  during  December  1981  (fig.  21).  Discharge  to 
the  spoil  aquifer  from  the  Wyodak  coal  aquifer  is  indicated  by  the 
configuration  of  the  potentiometr  ic  surface  (fig.  21).  The  proximity  of 
clinker  along  the  eastern  extent  of  the  mine  (fig.  21)  creates  a  potential 
source  of  recharge  to  the  spoil  aquifer.  One  additional  source  of  recharge 
to  the  spoil  aquifer  is  water  from  a  pond  created  to  store  water  for  dust 
suppression  (site  CSW-1).  One  possible  source  of  recharge  to  the  Wyodak 
coal  aquifer  was  from  the  clinker-coal  outcrop.  Recharge  to  the  Wyodak  coal 
aquifer  from  the  clinker  has  been  estimated  to  be  about  4.5  (gal/d) /ft 2  of 
clinker-coal  contact  (Cordero  Mine  personnel,  written  commun.,  1983). 
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Figure  2 1  .--Potentiometric  surface  of  the  Wyodak  coal  aquifer  during 
December  1981  and  location  of  water-quality  sampling  sites, 
Cordero  Mine. 
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Figure  22. --Diagrammatic  geologic  section  of  the  Wyodak  coal 
bed  of  the  Tongue  River  Member  of  the  Fort  Union  Formation 
and  associated  strata,  and  the  spoil  aquifer  after  mining, 
Cordero  Mine. 


The  concentrations  of  stable  and  radioactive  isotopes  in  ground  and 
surface  water  from  the  Cordero  Mine  were  used  to  confirm  previously 
identified  recharge  sources  to  the  spoil  aquifer.  Water  samples  were 
collected  from  wells  completed  in  the  Wyodak  coal  aquifer  (well  CCO-1),  the 
spoil  aquifer  (well  CSP-1),  and  the  clinker  aquifer  (well  CSC-1),  and  from  a 
pond  overlying  the  spoil  aquifer  (site  CSW-1)  (fig.  21).  The  isotopic 
compositions  of  ground  and  surface  water  from  the  Cordero  Mine  are  shown  in 
table  7. 

The  S180  ( o x y g e n -  1 8 / o x y g e n -  1 6  isotopic  ratio)  and  6D 
(deuterium/hydrogen  isotopic  ratio)  values  for  ground-  and  surface-water 
samples  collected  from  the  Cordero  Mine  were  compared  to  the  composition  of 
the  North  American  continental  precipitation  as  reported  by  Gat  (1980) 
(SD  =  (7.956180)  +  6.03).  The  6180  and  6D  values  from  all  four  samples 
represented  in  figure  23  approximately  correspond  to  the  composition  of 
North  American  continental  precipitation,  indicating  the  presence  of 
present-day  meteoric  water  in  the  aquifers.  The  5180  and  6D  composition  of 
the  water  samples  from  wells  CSP-1  (spoil  aquifer)  and  CCO-1  (Wyodak  coal 
aquifer)  were  similar  (fig.  23),  which  indicates  water  from  the  coal  aquifer 
may  be  a  principal  source  of  recharge  to  the  spoil  aquifer.  However, 
significant  quantities  of  water  from  the  Wyodak  coal  aquifer  recharging  the 
spoil  aquifer  is  not  supported  by  the  tritium  content  of  water  from  the 
spoil  aquifer. 


64 


Table  7. — Isotopic  ratios  or  activities  of  isotopes  in  ground-  and 
surface-water  samples  collected  at  Cordero  Mine 


[SO; 2 ,  sulfate;  5180,  oxygen-l8/oxygen-l6  isotopic  ratio;  SD, 
deuterium/hydrogen  isotopic  ratio;  613C,  carbon- 1 3/carbon- 1 2 
isotopic  ratio;  S^S,  sulfur-34/sulfur-32  isotopic  ratio; 
pCi/L,  picocuries  per  liter] 


Well  or 
site 

Source 

Per 

mil 

Tritium 

(pCi/L) 

Oxygen 
( 6 1 80) 

Hydrogen 

(5D) 

Carbon 
( 6 1 3C) 

Sulfur,  SO;2 
(  S 3 14  S ) 

CCO-1 

Wyodak  coal 

-16.5 

-127 

-8.2 

-9.8 

4 

aquifer 

CSP-1 

Spoil  aquifer 

-16.1 

-127 

-12.3 

-8.1 

130 

CSC-1 

Clinker  aquifer 

-18.9 

-146 

-15.2 

-7.8 

180 

CSW-1 

Pond 

-16.6 

-113 

-7.5 

-7.8 

71 

Tritium  concentrations  in  water  samples  from  the  Cordero  Mine  ranged 
from  71  to  1 80  pCi/L  (picocuries  per  liter)  except  for  water  from  well  CCO-1 
(completed  in  Wyodak  coal  aquifer),  which  had  a  concentration  of  4  pCi/L 
(table  7).  The  small  tritium  concentration  in  the  water  sample  from  the 
Wyodak  coal  aquifer  indicates  the  lack  of  substantial  quantities  of  recent 
(post-1952)  recharge.  The  large  tritium  concentration  in  water  from  the 
spoil  aquifer  indicates  a  substantial  proportion  of  the  total  recharge  is 
recent  recharge.  Because  water  from  well  CCO-1  (completed  in  Wyodak  coal 
aquifer)  had  a  small  tritium  concentration,  water  from  the  Wyodak  coal 
aquifer  was  not  considered  to  be  a  principal  source  of  recharge  to  the  spoil 
aquifer.  The  large  tritium  concentrations  in  water  from  well  CSC-1 
(completed  in  clinker  aquifer)  and  CSW-1  (pond)  indicates  these  are  the 
possible  major  recharge  sources  to  the  spoil  aquifer.  Direct  infiltration 
of  precipitation  also  could  be  a  recharge  source  to  the  spoil  aquifer. 
Although  the  tritium  concentration  in  precipitation  was  not  measured,  recent 
precipitation  probably  has  a  tritium  concentration  similar  to  that  in  water 
from  site  CSW-1  (pond). 

The  approximate  temperature  of  recharge  water  was  derived  from  5180 
values  for  samples  of  ground  water  collected  at  the  Cordero  Mine.  The  6180 
values  for  continental  precipitation  have  been  correlated  with  average 
surface  temperatures  by  Yurtsever  (1975),  allowing  a  determination  of 
recharge-water  temperature  to  be  made.  The  S180  values  from  ground-water 
samples  collected  at  the  Cordero  Mine  ranged  from  —  1 8 . 9  to  -16.1  per  mil, 
indicating  a  recharge-water  temperature  of  about  0  °C  (fig.  24).  An  average 
recharge-water  temperature  of  about  0  °C  indicates  that  most  recharge  to 
ground  water  at  the  mine  is  derived  from  spring  snowmelt  rather  than  late 
spring  and  early  summer  rainfall. 
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OXYGEN-  I  8/OXYGEN-  I  6  ISOTOPIC 
RATIO  (61  80,  SMOW) 

Figure  23. — Comparison  of  the  isotopic  composition  of 
ground-water  samples  from  the  Cordero  Mine  to  the 
isotopic  composition  of  North  American  continental 
precipitation.  SMOW,  standard  mean  ocean  water. 
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OXYGEN-  I  8/OXYGEN-  I  6  ISOTOPIC  RATIO  (6I80,  SMOW) 
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Figure  24. --Correlation  of  6180  composition  of  continental 
precipitation  compared  to  the  average  monthly  tempera¬ 
ture  from  continental  stations  (Yurtsever,  1975)  super¬ 
posed  with  the  6180  composition  of  ground-water 
samples  from  the  Cordero  Mine.  SMOW,  standard 
mean  ocean  water. 
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Mineral-water  relations 


Mass-balance  and  thermodynamic  calculations,  in  combination  with  the 
mineralogy  of  the  spoil  material,  were  used  to  establish  a  plausible  set  of 
chemical  reactions  that  would  simulate  the  actual  changes  in  water  quality 
during  recharge  of  the  spoil  aquifer.  By  identifying  the  possible  chemical 
reactions  controlling  the  actual  changes  in  water  quality  during  recharge  of 
the  spoil  aquifer,  probable  solid-phase  sources  of  the  solutes  may  be 
determined.  In  addition,  further  changes  in  postmining  water  quality  can  be 
evaluated. 

The  computer  program  WATEQF  (Plummer  and  others,  1978)  was  used  to 
calculate  the  activities  of  the  aqueous  species  in  the  water  samples  that 
were  collected.  Based  on  the  activities  calculated  by  WATEQF  for  the 
various  species  of  interest,  the  degree  of  saturation  with  respect  to  a 
particular  mineral  phase  was  determined  for  each  water  analysis.  The  degree 
of  saturation  with  respect  to  a  particular  mineral  phase  is  defined  as  the 
ion-activity  product  divided  by  the  equilibrium  constant  for  the  mineral  of 
interest.  Log  transformation  of  this  ratio  is  referred  to  as  a  saturation 
index  (SI).  In  general,  a  positive  SI  for  a  particular  mineral  phase 
denotes  that  the  mineral,  if  present,  will  tend  to  precipitate  from 
solution;  whereas,  a  negative  SI  denotes  that  the  mineral  will  tend  to 
dissolve.  An  SI  of  about  zero  signifies  that  the  solution  is  in  equilibrium 
with  respect  to  the  mineral  of  interest.  The  results  of  the  speciation 
calculations  for  calcite  and  gypsum  are  given  in  table  8. 

Mass-balance  calculations,  using  the  computer  program  BALANCE 
(Parkhurst  and  others,  1982a),  were  performed  to  determine  the  proportions 
of  plausible  phases  that  could  enter  or  leave  the  water  to  result  in  the 
actual  changes  in  water  quality.  The  general  chemical  reaction  is  in  the 
form  of  the  following: 


initial  solution  composition  +  reactant  phases  — — > 
final  solution  composition  +  product  phases, 


where  the  terms  "reactant  phases"  and  "product  phases"  refer  to  constituents 
that  enter  or  leave  the  aqueous  phase  during  a  reaction.  The  possible 
reactant  and  product  phases  were  determined  by  the  mineralogical  analyses  of 
the  spoil  material  as  well  as  from  speciation  calculations  and  geological 
inferences  derived  from  the  spoil  material. 

On  the  basis  of  the  stable  isotope  data,  possible  sources  of  recharge 
to  the  spoil  aquifer  include  water  from  the  clinker  aquifer  and  the  pond. 
Mass-balance  calculations  were  made  for  both  possible  sources.  For  the 
first  calculation,  the  chemical  composition  of  water  from  well  CSC-1 
(table  8,  completed  in  clinker  aquifer)  was  considered  to  be  the  chemical 
composition  of  all  recharge  water.  For  the  second  calculation,  the  chemical 
composition  of  water  from  site  CSW-1  (table  8,  pond)  was  considered  to  be 
the  chemical  composition  of  all  recharge  water.  The  chemical  composition  of 
water  from  well  CSP-1,  (table  8,  completed  in  spoil  aquifer)  was  considered 
to  be  the  chemical  composition  of  the  final  water  in  both  mass-balance 
calculations . 
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Table  8. — Water-quality  data  used  in  the 
geochemical-reaction  models,  Cordero  Mine 

[Concentration , 

in  millimoles  per 

liter,  except  as 

indicated ] 

Chemical 

Well  completed 
in  clinker 

Well  completed 
in  spoil 

property  or 

aquifer 

aquifer 

Pond 

constituent 

(well  CSC-1) 

(well  CSP-1) 

(site  CSW-1) 

pH  (units) 

6.9 

6.8 

7.2 

Dissolved  oxygen 

1 . 156 

.025 

1 . 156 

Redox  state 

109.747 

258.584 

13.892 

Calcium 

10.728 

14.471 

.649 

Magnesium 

3.414 

12.751 

.346 

Sodium 

1.479 

29.578 

1 .479 

Potassium 

.639 

.844 

.079 

Sulfur 

12.492 

34 . 354 

1.562 

Chloride 

.178 

3.667 

.118 

Fluoride 

.032 

.016 

.010 

Silica 

.632 

.216 

.020 

Aluminum 

1 .000 

\000 

1 .000 

Iron 

.005 

.004 

.000 

Carbon,  total 

8.389 

13.087 

.974 

Saturation  index: 

Calcite 

.143 

.099 

-1.462 

Gypsum 

-.170 

.117 

-1.719 

1  Estimated  concentration;  analytical  datum  was  either  less  than 
detection  limit  or  was  not  available. 


Plausible  phases  considered  in  the  following  geochemical-reaction 
models  are  based  on  the  mineralogical  and  sulfur-form  analyses  of  the  spoil 
material  at  the  Cordero  Mine  (L.R.  Larson,  U.S.  Geological  Survey,  written 
commun . ,  1986).  The  following  minerals  were  identified  by  X-ray 
diffraction:  smectite,  chlorite,  illite,  kaolinite,  gypsum,  quartz, 
potassium  feldspar,  plagioclase  feldspar,  dolomite,  and  calcite.  Pyrite  was 
inferred  by  the  sulfur-form  analyses.  Seven  reaction  sets  of  plausible 
phases  are  considered  for  both  sources  of  recharge  to  the  spoil  aquifer 
(table  9).  In  each  of  the  seven  sets  of  phases  considered,  magnesium  is 
derived  from  chlorite  or  epsomite  or  both;  sodium  from  cation  exchange  and 
halite  dissolution;  potassium  from  the  dissolution  of  potassium  feldspar; 
chloride  from  halite  dissolution;  and  silica  from  potassium  feldspar  and 
chlorite.  Precipitation  of  chalcedony  and  kaolinite  was  the  sink  for 
silica,  and  precipitation  of  kaolinite  is  the  sink  for  aluminum. 
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Table  9. — Selected  reaction  sets  of  plausible  phases  for 
mass-balance  calculations,  Cordero  Mine 


Reaction 

set_ Plausible  phases 

1  Calcite,  carbon  dioxide,  cation  exchange,  chlorite,  goethite, 

halite,  kaolinite,  oxygen,  potassium  feldspar,  pyrite,  silica 

2  Carbon  dioxide,  cation  exchange,  chlorite,  goethite,  gypsum, 

halite,  kaolinite,  oxygen,  potassium  feldspar,  pyrite,  silica 

3  Calcite,  cation  exchange,  chlorite,  goethite,  gypsum,  halite, 

kaolinite,  oxygen,  potassium  feldspar,  pyrite,  silica 

4  Calcite,  cation  exchange,  chlorite,  goethite,  gypsum,  halite, 

kaolinite,  organic  carbon,  oxygen,  potassium  feldspar,  silica 

5  Calcite,  carbon  dioxide,  cation  exchange,  chlorite,  goethite, 

gypsum,  halite,  kaolinite,  oxygen,  potassium  feldspar,  silica 

6  Calcite,  carbon  dioxide,  cation  exchange,  chlorite,  gypsum, 

halite,  kaolinite,  potassium  feldspar,  silica 

7  Calcite,  cation  exchange,  chlorite,  epsomite,  gypsum,  halite, 

kaolinite,  potassium  feldspar,  silica 


Possible  sources  considered  for  the  actual  sulfate  increases  include 
pyrite,  gypsum,  and  epsomite.  In  reaction  set  1,  pyrite  oxidation  is  the 
only  source  of  sulfate  considered;  whereas  reaction  sets  2  and  3  also 
considered  gypsum.  Gypsum  dissolution  is  considered  as  the  only  source  of 
sulfate  in  reaction  sets  4,  5,  and  6;  whereas  reaction  set  7  also  considered 
epsomite  in  combination  with  gypsum  as  sulfate  sources. 

Pyrite  and  chlorite  are  considered  as  possible  sources  of  iron  with 
goethite  as  the  only  iron  sink  considered.  In  reaction  sets  1,  2,  and  3, 
pyrite  is  the  primary  iron  source.  Chlorite  weathering  is  the  source  of 
iron  in  reaction  sets  4  and  5.  As  noted  by  Powell  and  Larson  (1985,  p.  7), 
ferrous  iron  can  substitute  for  magnesium  in  the  chlorite  structure. 
Reaction  sets  6  and  7  do  not  include  iron  sources  or  sinks  because  iron  is 
not  assumed  to  be  in  the  chlorite  mineral  structure  for  these  reaction  sets. 

Carbon  sources  and  sinks  considered  in  the  reaction  sets  include 
calcite,  carbon  dioxide,  and  organic  matter  (for  example,  carbon  with  a 
valence  of  0).  Reaction  sets  1,  2,  5,  and  6  are  open  to  exchange  with 
carbon  dioxide;  reaction  sets  3,  4,  and  7  are  not. 
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Oxidation-reduction  reactions  are  considered  as  possible  geochemical 
reactions  in  reaction  sets  1,  2,  3,  4,  and  5;  whereas  they  are  not 
considered  in  reaction  sets  6  and  7.  Oxidation-reduction  reactions 
considered  include  pyrite  oxidation  (table  10,  reaction  1),  oxidation  of 
ferrous  iron  (table  10,  reaction  3),  and  oxidation  of  organic  matter 
(table  10,  reaction  4). 


Table  10. — Pertinent  chemical  reactions 
[Subscript  (g)  denotes  gaseous  phase] 


Reaction 

number 

Reaction 

Oxidation-reduction 

1 

FeS2  + 
(pyrite) 

3.52(g)  +  H20  =  Fe+2  +  2S0;2  +  2H  + 

2 

Fe203  ■ 
( iron 
oxide) 

«-  2S0;2  +  4.5CH20  +  1.5H20  =  2FeS  +  4.5HCOJ  +  0.5H  + 
(organic  (ferrous 

matter)  sulfide) 

3 

Fe+2  + 

0.2502  +  H+  =  Fe+3  +  0.5H20 

4 

CH20  + 
(organic 
matter) 

02  =  C02 ,  \  +  H20 

2  2(g)  2 

Mineral  precipitation 

5 

Ca  42  + 

2HC0;  =  CaCOj  +  C02  +  H20 
(calcite) 
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The  redox  state  (RS)  shown  in  table  8  is  a  means  of  keeping  track  of 
electron  transfer  in  the  redox  reactions  considered.  Redox  state  is  defined 
as  follows: 

I 

RS  =  £  m  v.  (3) 

i  =  1  1 

where  I  =  the  number  of  species  in  solution, 

itk  =  the  molality  of  the  i'th  species  in  solution,  and 
=  the  operational  valance  of  the  species. 

Plummer  and  others  (1983,  p.  4-6)  address  the  definition  of  operational 
valance. 

Mass-balance  calculation  results  for  the  seven  reaction  sets  of 
combined  plausible  phases  (table  11)  identify  reaction  models  that  can  be 
used  to  explain  water-quality  changes  that  occurred  during  recharge  of  the 
spoil  aquifer  from  both  possible  recharge  sources.  Each  reaction  set  in 
table  11  represents  the  results  of  a  particular  combination  of  the  plausible 
phases  considered.  The  values  in  the  columns  indicate  the  concentration  of 
each  phase  (in  millimoles  per  kilogram  of  water)  either  entering  or  leaving 
the  water.  A  positive  value  (+)  indicates  dissolution  of  the  phase;  a 
negative  value  (-)  indicates  formation  of  the  phase. 

The  feasibility  of  reaction  model  1  may  be  tested  by  comparing  the 
measured  83MS  in  water  from  well  CSP-1  (completed  in  spoil  aquifer)  with  the 
calculated  isotopic  composition  of  dissolved  sulfate  in  the  sample  indicated 
by  the  mass  transfer  of  pyrite  in  reaction  model  1  (table  11).  This 
calculation  can  be  done  with  both  sources  of  recharge  water.  Because  no 
sulfur  minerals  are  forming  in  reaction  model  1,  the  calculated  63,,S  of 
dissolved  sulfate  in  water  from  well  CSP-1  can  be  approximated  according  to 
the  linear  isotope-balance  equation  (Plummer  and  others,  1983,  p.  675): 


6 3  l,S 


(spoil 

aquifer) 


[ 2a  . .  ( PYiC)  +  a  (GYIC)  +  SO;2 ,  ,  * (RWIC) ] 

pyrite  gypsum  (recharge) 

SO;2,  ..  .  \ 

(spoil  aquifer) 


(4) 


where 


a 


pyrite 


the  stoichiometric  coefficient  of 
pyrite  from  the  reaction  model 
(table  11), 


PYIC  =  the  83,,S  composition  of  pyrite, 


agypsum 


the  stoichiometric  coefficient  of 
gypsum  from  the  reaction  model, 
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GYIC  =  the  531,S  composition  of  gypsum, 

RWIC  =  the  S^S  composition  of  the  recharge 
water,  and 


SO*  (recharge)  and  (spoil  water) 


the  total  concentration  of  SO;2  in 
the  recharge  water  and  spoil  water, 
respectively. 


The  value  of  -4.7  per  mil,  used  for  the  63,,S  composition  of  pyrite  is 
derived  from  the  average  6  3  4*S  composition  of  10  samples  containing 
disseminated  pyrite  collected  from  the  Wyodak  coal  bed  in  the  Powder  River 
structural  basin  by  Hackley  and  Anderson  (1986,  p.  1706). 

Using  equation  4  and  the  calculated  mass  transfer  of  pyrite  from 
reaction  model  1  (table  11),  the  values  of  53“S  in  water  from  well  CSP-1 
(completed  in  spoil  aquifer)  are  calculated  for  both  possible  recharge 
sources.  The  calculated  values  of  S3“S  for  water  from  well  CSP-1  are 
-5.8  per  mil  using  the  clinker-aquifer  recharge  source  and  -4.8  per  mil 
using  the  surface-pond  recharge  source.  The  actual  S31,S  of  water  from  well 
CSP-1  is  -8.1  per  mil  (table  7).  Lack  of  agreement  between  the  calculated 
and  actual  S’^S  values  indicates  that  reaction  model  1  may  not  be 
representative  of  actual  conditions.  However,  the  site  specific  5 3“S 
composition  of  disseminated  pyrite  at  the  Cordero  Mine  needs  to  be 
determined  for  more  precise  isotope-balance  calculations. 

The  water-quality  changes  occurring  at  the  Cordero  Mine  probably  are 
not  represented  by  reaction  models  1,  2,  and  3.  Reaction  models  1,  2,  and  3 
all  derive  at  least  part  of  the  actual  increase  in  dissolved  sulfate  from 
pyrite  dissolution  (table  11).  Because  the  pH  of  water  from  well  CSP-1 
(completed  in  spoil  aquifer)  is  6.8  (table  8),  any  pyrite  dissolution  that 
occurs  must  be  buffered  by  calcite  dissolution.  Reaction  model  2  does  not 
consider  calcite  dissolution  as  a  plausible  phase  to  buffer  the  acidity 
produced  by  the  pyrite  oxidation  and,  therefore,  is  eliminated  from  further 
consideration. 

Although  reaction  models  1  and  3  have  substantial  calcite  dissolution 
and  pyrite  oxidation  (table  11),  the  dissolution  is  not  sufficient  to  buffer 
all  of  the  acidity.  For  every  1  mmol  (millimole)  of  pyrite  oxidized,  at 
least  4  mmol  of  acidity  are  produced  (Drever,  1982,  p.  62).  The 
concentration  of  alkalinity  available  for  the  buffering  of  pyrite  oxidation 
is  a  function  of  the  partial  pressure  of  carbon  dioxide  and  the  solubility 
of  the  calcite.  The  calcite-pyrite  equilibrium  line  shown  in  figure  25  is 
derived  from  the  addition  of  oxygen  to  each  of  the  initial  recharge  waters, 
while  maintaining  equilibrium  with  calcite,  pyrite,  and  goethite.  The 
quantity  of  calcite  and  pyrite  dissolution  predicted  by  reaction  models  1 
and  3  also  is  plotted  in  figure  25.  As  shown  in  figure  25,  the  quantity  of 
calcite  dissolution  accompanying  the  pyrite  oxidation  in  reaction  models  1 
and  3  is  insufficient  for  complete  acid  buffering.  Because  the  pH  measured 
in  water  from  well  CSP-1  (completed  in  spoil  aquifer)  is  not  acidic  enough 
to  indicate  unbuffered  pyrite  dissolution,  reaction  models  1  and  3  are 
eliminated  as  representative  models. 
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Table  11. — Results  of  mass-balance  calculations  for  water  from  the  well 


[Data  for  phases  shown  in  millimoles  per 
of  the  phase;  indicates  formation 


_ Reaction  model _ 

1 _  _ 2 _  _ 3 


Well  com-  Well  com-  Well  com¬ 
pleted  in  pleted  in  pleted  in 


Plausible 

phases 

clinker 

aquifer 

Pond 

clinker 

aquifer 

Pond 

clinker 

aquifer 

Pond 

Calcite 

+16.0480 

+26.0970 

+4.6980 

+12.1130 

Carbon 

-11.3500 

-13.9840 

+4.6980 

+12.1130 

— 

— 

dioxide 

Cation 

+12.3050 

+12.2750 

+12.3050 

+12.2750 

+12.3050 

+12.2750 

exchange 

Chlorite 

+3.1123 

+4.1350 

+3.1123 

+4.1350 

+3.1123 

+4.1350 

Epsomite 

— 

— 

— 

— 

— 

— 

Goethite 

-17.1567 

-24.6620 

-9.1327 

-11.6135 

-11.4817 

-17.6700 

Gypsum 

-- 

— 

+16.0480 

+26.0970 

+11.3500 

+13.9840 

Halite 

+3.4890 

+3.5490 

+3.4890 

+3.5490 

+3.4890 

+3.5490 

Kaolinite 

-3.2148 

-4.5175 

-3.2148 

-4.5175 

-3.2148 

-4.5175 

Organic 

— 

— 

— 

— 

— 

— 

carbon 

Oxygen 

+42.2664 

+63.4215 

+12.1764 

+14.4896 

+20.9852 

+37.2015 

Potassium 

+.2050 

+.7650 

+.2050 

+.7650 

+.2050 

+.7650 

feldspar 

Pyrite 

+10.9310 

+16.3960 

+2.9070 

+3.3475 

+5.2560 

+9.4040 

Silica 

-3.9383 

-5.4690 

-3.9383 

-5.4690 

-3.9383 

-5.4690 
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completed  in  the  clinker  aquifer  and  from  the  pond  at  Cordero  Mine 


kilogram  of  water.  +  ,  indicates  dissolution 
of  the  phase;  — ,  indicates  no  data] 


Reaction  model 


4 

5 

6 

7 

Well  com¬ 
pleted  in 
clinker 

aquifer  Pond 

Well  com¬ 
pleted  in 
clinker 

aquifer  Pond 

Well  com¬ 
pleted  in 
clinker 

aquifer  Pond 

Well  com¬ 
pleted  in 
clinker 

aquifer  Pond 

+5.8140  -6.6950 

-5.8140  -6.6950 

+10.5120  +18.8080 

-5.8140  -6.6950 

+10.5120  +18.8080 

+4.6980  +12.1130 

+12.3050  +12.2750 

+12.3050  +12.2750 

+12.3050  +12.2750 

+12.3050  +12.2750 

+3.1123  +4.1350 

-6.2257  -8.2660 
+21.8620  +32.7920 
+3.4890  +3.5490 

-3.2148  -4.5175 

+10.5120  +18.8080 

+3.1123  +4.1350 

-6.2257  -8.2660 
+21.8620  +32.7920 
+3.4890  +3.5490 

-3.2148  -4.5175 

+1.8674  +2.4810 

+21.8620  +32.7920 
+3.4890  +3.5490 

-1.9699  -2.8635 

+2.4810  -1.2806 

+10.5120  +18.8080 

+11.3500  +13.9840 
+3.4890  +3.5490 

-.1325  +.8981 

+11.7872  +20.7445 
+.2050  +.7650 

+1.2752  +1.9365 
+.2050  +.7650 

+.2050  +.7650 

+.2050  +.7650 

-3.9383  -5.4690 

-3.9383  -5.4690 

-2.6934  -3.8150 

-0.5910  -0.0534 
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DISSOLVED  CALCITE.  IN 
MILLIMOLES  PER  KILOGRAM 


Both  recharge  sources  in  reaction  model  4  derive  the  increase  in  carbon 
from  oxidation  of  organic  carbon  (table  11).  Organic  matter  in  sedimentary 
rocks  is  generally  refractory  (Drever,  1932,  p.  292)  and  probably  is  not 
easily  oxidized  by  percolating  waters.  Therefore,  reaction  model  4  probably 
is  not  representative  of  actual  conditions. 

Reaction  model  7  is  inconsistent  with  the  saturation  indexes  for 
calcite  in  table  8  for  the  clinker-aquifer  recharge  source.  Reaction 
model  7  also  indicates  dissolution  of  large  quantities  of  calcite 
(table  11),  which  is  not  possible  because  the  clinker-aquifer  recharge  is 
initially  oversaturated  with  respect  to  calcite;  therefore,  this  model  is 
not  representative  of  actual  conditions. 

Reaction  models  5  and  6  are  the  only  models  remaining  that  are  consis¬ 
tent  with  the  available  data.  Although  the  63<*S  of  sulfate  minerals  was  not 
determined  for  overburden  samples  from  within  the  eastern  Powder  River 
basin,  equation  4  was  used  to  calculate  the  63"S  of  gypsum  (relative  to  the 
Canyon  Diablo  meteorite)  for  each  source  of  recharge  water  used  in  reaction 
models  5  and  6.  The  calculated  S34S  for  gypsum  required  for  models  5  and  6, 
with  a  recharge  source  from  the  clinker,  is  -8.3  per  mil.  The  calculated 


DISSOLVED  PYRITE,  IN  MILLIMOLES  PER  KILOGRAM 

Figure  25. — Quantity  of  dissolved  calcite  in  relation  to  quantity  of 
dissolved  pyrite  predicted  to  dissolve  in  water  under  equilibrium 
conditions  superposed  with  the  quantities  of  dissolved  calcite 
and  pyrite  predicted  by  reaction  models  1  and  3,  Cordero 
Mine:  A,  recharge  from  clinker  aquifer,  B,  recharge  from  pond. 
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S31,S  for  gypsum  required  for  reaction  models  5  and  6  using  a  recharge  source 
from  the  pond  is  -8.1  per  mil.  These  calculated  values  do  not  agree  with 
the  63<IS  of  14  oxidized-sulfur  samples  collected  in  North  Dakota  by  Houghton 
and  others  (1985,  p.  26).  The  63<*S  values  determined  by  Houghton  and  others 
(1985)  were  all  positive,  ranging  from  5.4  to  26.2  per  mil  (relative  to  the 
Canyon  Diablo  meteorite).  Site-specific  5 3,*S  data  are  needed  for  sulfate 
containing  minerals  within  the  study  area  to  further  confirm  reaction 
models  5  and  6. 

Based  on  the  isotope  data  and  mass-balance  modeling  results  at  the 
Cordero  Mine,  predictions  concerning  future  ground-water  quality  changes  and 
methods  to  minimize  future  postmining  water-quality  degradation  are  noted 
and  summarized.  Because  the  postmining  water  is  in  equilibrium  with  respect 
to  gypsum,  it  is  unlikely  that  the  dissolved-sol ids  concentrations  will 
increase  further.  Naftz  (in  press)  has  determined  that  contact  of 
postmining  ground  water  from  the  Cordero  Mine  with  recently  backfilled  spoil 
material  resulted  in  minimal  increases  in  dissolved  constituents. 
Dissolved-solids  concentrations  have  not  decreased  substantially  during  the 
almost  4  years  of  record  (fig.  11);  however,  Houghton  and  others  (1987, 
p.  62)  estimate  at  least  1  pore  volume  of  water  must  leach  the  spoil  before 
the  dissolved-solids  concentration  in  the  water  would  be  similar  to  the 
premining  dissolved-solids  concentration  in  studies  done  in  North  Dakota. 

The  time  required  to  pass  1  pore  volume  of  water  through  the  spoil 
aquifer  is  greater  than  the  time  required  for  the  postmining  ground-water 
system  to  re-establish  equilibrium.  Current  estimates  of  the  time  required 
for  the  ground-water  system  to  re-establish  equilibrium  varies  from  a  few 
tens  of  years  to  hundreds  of  years. 

During  future  reclamation  at  the  Cordero  Mine  and  other  mines  with 
similar  hydrogeologic  and  geochemical  conditions,  steps  could  be  taken  to 
minimize  increases  of  dissolved-solids  concentrations  in  postmining  ground 
water.  According  to  reaction  models  5  and  6,  gypsum  dissolution  coupled 
with  cation  exchange  is  a  major  contributor  to  the  actual  increase  in 
dissolved-solids  concentration  (table  11).  Isolation  of  overburden  material 
with  large  soluble-salt  contents  to  areas  above  the  postmining  ground-water 
table  in  conjunction  with  decreasing  the  rates  of  infiltration  of  precipita¬ 
tion  and  runoff  in  the  spoil  aquifer  could  minimize  future  increases  in 
dissolved-solids  concentrations.  Finally,  as  noted  by  Houghton  and  others 
(1987,  p.  65),  isolation  of  spoil  material  with  large  soluble-salt  contents 
from  clay-rich  and  organic-rich  strata  during  backfilling  also  will  minimize 
increases  in  dissolved-solids  concentrations  in  postmining  ground  water. 


Dave  Johnston  Mine 

The  Dave  Johnston  Mine  is  located  outside  of  the  study  area;  it  was 
chosen  for  additional  study  because  data  concerning  postmining  water-quality 
changes  were  available  for  the  mine,  and  water-level  data  indicates  movement 
of  postmining  ground  water  from  the  spoil  aquifer  into  the  adjacent  coal 
aquifer.  Understanding  the  processes  affecting  water-quality  changes 
associated  with  movement  of  postmining  water  from  the  spoil  aquifer  into  the 
adjacent  coal  aquifer  is  important  for  assessing  the  impacts  of  surface  coal 
mining  on  offsite  users  of  ground  water. 
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Hydrogeology 


Ground  water  at  the  Dave  Johnston  Mine  is  present  primarily  in  the 
Badger  and  School  coal  beds  and  adjacent  strata  (Dave  Johnston  Mine 
personnel,  written  commun.,  1983).  The  Badger  and  School  coal  beds  occur  in 
the  lower  part  of  the  Wasatch  Formation.  The  Badger  coal  bed  is 
stratigraphically  above  the  School  coal  bed  (fig.  26).  The  two  coal  beds 
are  separated  by  a  110-  to  180-ft  zone  consisting  of  claystone,  siltstone, 
and  fine-grained  silty  sandstone.  Claystone  layers  associated  with  the  two 
coal  beds  have  hydraulically  isolated  the  Badger  and  School  coal  beds  from 
each  other  (fig.  26).  Water  also  occurs  locally  in  clinker  along  outcrops 
of  the  Badger  and  School  coal  beds.  The  clinker  provides  increased  recharge 
to  the  adjacent  coal  beds.  The  School  coal  bed  also  is  referred  to  as  the 
School  coal  aquifer. 

The  potentiometric  surface  of  the  School  coal  aquifer,  based  on  ground- 
water  levels  measured  during  April  1981,  is  shown  in  figure  27.  The 
direction  of  flow  within  the  School  coal  aquifer  is  generally  to  the  east 
and  northeast,  in  the  direction  of  the  dip  of  the  coal  bed.  Before  mining, 
recharge  to  the  School  coal  aquifer  was  from  infiltration  of  precipitation 
in  the  vicinity  of  the  outcrop.  After  mining  and  replacement  of  the  coal 
with  rubblized  spoil,  precipitation  must  first  percolate  through  the  spoil 
aquifer  before  recharging  the  unmined  parts  of  the  School  coal  aquifer 
(fig.  26). 

Mining  and  reclamation  has  been  and  is  being  accomplished  at  the  Dave 
Johnston  Mine  using  a  dragline  compared  to  shovels  and  trucks  used  at  most 
mines  within  the  study  area.  Use  of  a  dragline  during  mine  reclamation  can 
result  in  greater  permeability  of  the  spoil  material  compared  to  the 
permeability  of  spoil  material  associated  with  shovel-and-truck  mining  and 
reclamation  operations.  The  greater  permeability  of  the  spoil  material 
associated  with  dragline  reclamation  at  the  Dave  Johnston  Mine  has  probably 
increased  the  rate  of  recharge  to  the  spoil  aquifer  compared  to  similar 
recharge  rates  at  mines  using  shovel-and-truck  reclamation  methods. 

The  concentrations  of  stable  and  radioactive  isotopes  in  ground-water 
samples  from  the  Dave  Johnston  Mine  (table  12)  were  used  to  confirm  sources 
of  recharge  to  the  spoil  aquifer  and  movement  of  water  from  the  spoil 
aquifer  into  the  School  coal  aquifer.  As  shown  in  figure  28,  the  S180  and 
6D  values  of  ground-water  samples  from  the  Dave  Johnston  Mine  approximately 
correspond  to  the  composition  of  the  North  American  continental 
precipitation  as  reported  by  Gat  (1980)  (6D  =  (7.956180)  +  6.03),  indicating 
the  presence  of  mostly  meteoric  water  in  the  aquifers. 

The  S180  and  6D  isotopic  composition  of  a  water  formed  by  combining  two 
or  more  components  with  different  isotopic  compositions  is  additive.  Water 
from  well  DSP-1  (completed  in  spoil  aquifer)  is  isotopically  heavy  relative 
to  water  from  wells  DCO-37  and  DCO-12  (completed  in  School  coal  aquifer), 
which  are  located  about  0.4  and  0.7  mi  downgradient  from  the  spoil  aquifer 
(fig.  27).  On  the  basis  of  the  linear  plot  of  6D  versus  6180  (fig.  28), 
water  from  well  DC0-30  (completed  in  the  School  coal  aquifer),  0.1  mi 
downgradient  from  the  spoil  aquifer  (fig.  27),  appears  to  be  a  mixture  of 
40  percent  water  from  the  spoil  aquifer  and  60  percent  water  from  the  School 
coal  aquifer. 
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NOT  TO  SCALE 


WEST 
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LIMIT  OF  MINING  OF 
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CLAYSTONE 

SANDSTONE 


BADGER 
COAL  BED 


LIMIT  OF  MINING  OF 
SCHOOL  COAL  BED 


Modified  from  Dave  Johnston 
Mine  personnel  (written 
commun.,  1983) 


Figure  26. — Diagrammatic  geologic  section  showing  the 
Badger  and  School  coal  beds  of  the  Wasatch  Forma¬ 
tion,  and  associated  strata  after  mining,  Dave 
Johnston  Mine. 
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Figure  27. — Potentiometric  surface  of  the  School  coal  aquifer  during 
December  1981  and  location  of  water-quality  sampling  sites, 
Dave  Johnston  Mine. 
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OXYGEN-  I  8/OXYGEN-  I  6  ISOTOPIC 
RATIO  (5  1  8  0,  SMOW) 


Figure  28. — Comparison  of  the  isotopic  composition  of 
ground-water  samples  from  the  Dave  Johnston 
Mine  to  the  isotopic  composition  of  North  American 
continental  precipitation.  SMOW,  standard 
mean  ocean  water. 


81 


The  6180  values  from  ground-water  samples  collected  at  the  Dave 
Johnston  Mine  ranged  from  -18.1  to  -16.0  per  mil.  Comparison  of  the  range 
of  S180  values  with  the  continental  precipitation  data  of  Yurtsever  (1975) 
(fig.  29)  indicates  that  recharge-water  temperature  was  about  0  °C,  such  as 
for  spring  snowmelt. 

The  tritium  concentrations  in  ground-water  samples  from  the  Dave 
Johnston  Mine  decrease  in  a  downgradient  direction  from  the  spoil  aquifer 
(fig.  30).  The  tritium  concentration  in  water  from  wells  DSP-1  and  DCO-30 
was  92  and  21  pCi/L,  whereas  the  tritium  concentration  in  water  from 
wells  DCO-37  and  DC0-12  was  less  than  1  pCi/L  (table  12).  The  tritium  data 
coupled  with  the  potentiometric  surface  of  the  School  coal  aquifer  (fig.  27) 
indicate  infiltration  of  recent  precipitation  as  the  dominant  source  of 
recharge  to  the  spoil  aquifer.  Although  the  large  tritium  concentration  in 
water  from  well  DC0-30  indicates  infiltration  of  recent  recharge,  the  small 
tritium  concentrations  in  water  from  wells  DCO-37  and  DCO-12,  collected 
further  downgradient  in  the  School  coal  aquifer,  indicate  that  substantial 
volumes  of  recent  (post- 1952)  recharge  water  have  not  yet  moved  into  this 
part  of  the  coal  aquifer. 


Mineral-water  relations 


The  water  chemistry  of  the  unsaturated  zone  was  determined  by  personnel 
at  the  Dave  Johnston  Mine  using  pressure-vacuum  lysimeters  located  in  the 
unsaturated  zone  of  the  spoil  aquifer  at  the  mine  (fig.  27).  Specific 
conductance  of  the  water  collected  from  the  lysimeters  ranged  from  3,400  to 
3,900  yS/cm  (table  13).  The  pH  of  water  samples  collected  from  lysimeter 
LY-SW-5-6  was  4.8  and  that  from  lysimeter  LY-SW-5-8  was  4.9  (fig.  27  and 
table  13).  Ly  s  i  me t e r - w a t e r  samples  with  small  pH  values 
(lysimeters  LY-SW-5-6  and  LY-SW-5-8)  also  had  large  concentrations  of 
aluminum,  cadmium,  copper,  iron,  manganese,  nickel,  selenium,  and  zinc, 
compared  to  ly s ime ter-water  samples  with  pH  values  of  8.1  and  7.7 
(table  13).  Water  with  small  pH  values  and  large  concentrations  of  trace 
elements  is  characteristic  of  acid  generation  by  pyrite  oxidation  (Drever, 
1982,  p.  62-63). 

The  quality  of  water  from  the  saturated  zone  of  the  spoil  aquifer 
effects  (well  DSP-1)  also  indicates  the  effects  of  pyrite  oxidation  in  the 
unsaturated  zone.  The  pH  of  water  from  well  DSP-1  was  5.8;  the 
concentration  of  dissolved  iron  was  2.0  mg/L  and  the  concentration  of 
dissolved  manganese  was  1.0  mg/L. 

The  negative  S3,,S  composition  of  water  from  well  DSP-1  (-15.2  per  mil) 
also  indicates  possible  pyrite  oxidation  in  the  unsaturated  zone.  In 
general,  the  §3<*S  of  biogenic  pyrite  is  depleted  with  respect  to  the 
standard  and  ranges  from  +4  to  -35  per  mil  (Drever,  1982,  p.  346);  whereas 
the  63i,S  of  evaporite  deposits  (sulfate  salts)  is  generally  greater  than 
0  per  mil.  Therefore,  if  most  of  the  sulfate  contained  in  the  water  from 
well  DSP-1  is  derived  from  pyrite  oxidation,  a  negative  63“S  value  would  be 
expected,  assuming  the  effects  of  isotope  fractionation  by  bacteria  are 
negligible . 
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OXYGEN-  I  8/OXYGEN-  I  6  ISOTOPIC  RATIO  (6I80,  SMOW) 


AVERAGE  MONTHLY  TEMPERATURE,  IN  DEGREES  CELSIUS 


Figure  29. --Correlation  of  6180  composition  of  continental 
precipitation  compared  to  the  average  monthly  tempera¬ 
ture  from  continental  stations  (Yurtsever,  1975)  super¬ 
posed  with  the  6180  composition  of  ground-water 
samples  from  the  Dave  Johnston  Mine.  SMOW, 
standard  mean  ocean  water. 
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Figure  30. — Tritium  concentration  in  ground-water 
samples  in  relation  to  the  distance  downgradient 
from  well  DSP-1  completed  in  the  spoil  aquifer, 
Dave  Johnston  Mine. 
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Table  12. — Isotopic  ratios  or  activities  of  isotopes  in  ground- 
water  samples  collected  at  Dave  Johnston  Mine 


[SO;2,  sulfate;  6ia0,  oxygen- 1 8/oxygen- 1 6  isotopic  ratio;  5D, 
deuterium/hydrogen  isotopic  ratio;  513C,  carbon- 1 3/carbon- 1 2 
isotopic  ratio;  63,,S,  sulfur-34/sulfur-32  isotopic  ratio;  pCi/L, 
picocuries  per  liter;  <,  indicates  concentration  less  than 
detection  limit  for  the  analysis;  — ,  data  not  available] 


Per 

mil 

Well 

Source 

Oxygen 
( 6 1 *0) 

Hydrogen 

(6D) 

Carbon 
(  6 1 3  C ) 

Sulfur,  SO;2 
( 6 3 “S) 

Tritium 

(pCi/L) 

DSP-1 

Spoil  aquifer 

-16.0 

-129 

-14.2 

-15.2 

92 

DC0-30 

School  coal 
aquifer 

-17.5 

-136 

-15.4 

-2.8 

21 

DCO-37 

School  coal 
aquifer 

-18.0 

-141 

6.7 

12.5 

<1 

DCO-12 

School  coal 
aquifer 

-18.1 

-141 

9.1 

— 

<1 
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Table  13. — Chemical  analyses  of  water  samples  collected  from  pressure- 

vacuum  lysimeters  at  Dave  Johnston  Mine 


[Concentrations  in  milligrams  per  liter  unless  noted  otherwise; 
yS/cm,  microsiemens  per  centimeter  at  25  degrees  Celsius;  <,  less 
than  detection  limit.  Data  from  Dave  Johnston  Mine  personnel, 
written  commun.,  1986] 


Chemical 
property  or 
constituent 

Lysimeter 

number 

LY-SW-4-4 

LY-SW-4-8 

LY-SW-5-6 

LY-SW-5-8 

Properties 

Specific 

3,400 

3,400 

3,810 

3,900 

conductance 

(uS/cm) 

pH  (units) 

8.1 

7.7 

4.8 

4.9 

Major 

constituents 

Calcium 

627 

671 

575 

565 

Magnesium 

203 

204 

276 

296 

Sodium 

90 

63 

77 

85 

Potassium 

12 

7.4 

44 

41 

Bicarbonate 

261 

569 

61 

4 

Sulfate 

2,230 

2,040 

2,170 

2,230 

Chloride 

75 

61 

65 

75 

Nitrite  plus 

.36 

3.59 

142 

124 

nitrate 

(reported  as 

nitrogen) 

Trace 

constituents 

Aluminum 

0.1 

<0. 1 

6.0 

2.9 

Arsenic 

<.005 

.005 

<.005 

<.005 

Barium 

<.5 

<.5 

<.5 

<.5 

Cadmium 

<.002 

<.002 

.005 

.004 

Chromium 

.03 

.02 

<.02 

<.02 

Copper 

.03 

.02 

.05 

.04 

Iron 

<.05 

<.05 

.07 

.06 

Lead 

<.02 

<.02 

<.02 

<.02 

Manganese 

<.02 

.16 

2.59 

2.66 

Mercury 

.001 

<.001 

<.001 

<.001 

Nickel 

.07 

.08 

.52 

.32 

Selenium 

.01 

<.005 

.525 

.45 

Zinc 

.03 

<.01 

2.17 

3.15 
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The  dissolved-solids  concentration  in  the  spoil-aquifer  water  changes 
as  it  moves  downgradient  into  the  School  coal  aquifer  (fig.  31).  According 
to  the  6180  and  6D  isotope  data  for  ground-water  samples  at  the  mine 
(fig.  28),  the  water  from  well  DC0-30  is  possibly  a  mixture  of  40  percent 
water  from  the  spoil  aquifer  (well  DSP-1)  and  60  percent  water  from  the 
School  coal  aquifer  (wells  DCO-37  and  DCO-12).  Mixing  of  the  dissolved- 
solids  concentrations  in  water  from  the  spoil  aquifer  (well  DSP-1)  and  the 
School  coal  aquifer  (well  DCO-37)  in  the  ratio  of  40  to  60  approximates  the 
dissolved-solids  concentration  in  water  from  well  DC0-30  (fig.  31). 
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Figure  31.  —  Actual  dissolved-solids  concentrations 
in  wells  DSP-1,  DCO-30,  and  DCO-37,  and  the 
calculated  dissolved-solids  concentration 
based  on  isotopic  ratios  for  well  DCO-30. 
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On  the  basis  of  the  geochemical  information  collected  at  the  Dave 
Johnston  Mine,  insights  into  possible  changes  in  offsite  water  quality  can 
be  gained  for  mines  within  the  study  area.  Because  of  the  mining  method  and 
hydrogeologic  and  geochemical  conditions  present  at  the  Dave  Johnston  Mine, 
these  insights  may  not  apply  to  all  the  mines  within  the  study  area. 
Isotopic  analyses  of  the  water  indicates  movement  of  postmining  ground  water 
from  the  spoil  aquifer  into  the  adjacent  School  coal  aquifer  and  mi'xing  with 
water  from  the  School  coal  aquifer  resulting  in  a  net  increase  in  the 
dissolved-solids  concentration  in  water  from  the  School  coal  aquifer. 
Because  only  a  finite  quantity  of  soluble  salt  is  available  for  leaching  in 
the  spoil  material,  this  increase  in  dissolved-solids  concentration  in  water 
within  the  School  coal  aquifer  will  probably  be  temporary.  As  the  soluble 
salts  continue  to  leach  from  the  spoil  material,  future  postmining  water 
entering  the  School  coal  aquifer  will  decrease  in  dissolved-solids 
concentration  until  a  postmining  equilibrium  condition  is  attained.  Based 
on  the  lack  of  recent  (post- 1952)  recharge  in  water  from  wells  DCO-37  and 
DCO-12  (about  0.4  and  0.7  mi  downgradient  from  the  spoil  aquifer),  movement 
of  postmining  water  within  the  School  coal  aquifer  will  be  slow,  possibly 
minimizing  the  extent  of  water-quality  degradation  to  offsite  areas. 


Possible  Offsite  Water-Quality  Changes  in  the  Wyodak  Coal  Aquifer 

The  larger  concentrations  of  dissolved-solids  in  water  from  the  spoil 
aquifers  compared  to  concentrations  in  water  from  adjacent  coal  aquifers 
(table  4)  indicates  that  deterioration  of  water  quality  may  result  from 
surface  coal  mining.  A  question  that  needs  to  be  addressed  is:  "What  are 
the  possible  water-quality  changes  that  could  occur  as  water  from  the  spoil 
aquifer  recharges  a  coal  aquifer  and  begins  to  flow  across  the  mine-permit 
boundary?"  Davis  and  Dodge  (1986)  reported  that  water  from  a  spoil  aquifer 
that  was  mixed  with  coal  during  selected  batch-mixing  experiments  had 
measurable  decreases  in  dissolved-solids  concentration. 

The  reaction-path  geochemical  model  PHREEQE  (Parkhurst  and  others, 
1982b)  was  used  to  simulate  possible  water-quality  changes  that  could  occur 
under  different  sets  of  geochemical  conditions  as  water  with  a  large 
dissolved-solids  concentration  (spoil-aquifer  water)  recharges  a  coal 
aquifer  with  water  having  a  chemical  composition  similar  to  water  from  well 
DCO-37  at  the  Dave  Johnston  Mine.  Water  from  this  well  is  a  calcium 
bicarbonate  type  with  a  dissolved-solids  concentration  of  910  mg/L. 

In  the  reaction-path  simulations,  the  composition  of  the  spoil-aquifer 
water  was  simulated  by:  (1)  Beginning  with  chemically  pure  water, 

(2)  allowing  unlimited  quantities  of  oxygen  to  enter  the  system, 

(3)  allowing  unlimited  time  for  reaction,  (4)  using  a  temperature  of  20  °C, 
and  (5)  allowing  the  weathering  reactions  to  occur  until  the  water  was 
saturated  with  respect  to  gypsum,  calcite,  pyrite,  goethite,  and  dolomite. 
The  simulated  spoil  water  had  a  dissolved-solids  concentration  of  3,540  mg/L 
and  a  dissol ved-sulfate  concentration  of  2,160  mg/L  (fig.  32).  The  median 
dissolved-solids  concentration  in  water  analyses  from  spoil  aquifers  in  the 
eastern  Powder  River  basin  was  3,680  mg/L  (table  4). 


88 


The  reaction-path  simulations  did  not  include  the  effects  of  adsorption 
and  cation  exchange.  Clay  and  organic  matter  within  the  spoil  and  coal 
aquifers  could  selectively  remove  specific  chemical  constituents.  For 
example,  if  sodic  clay  is  present  within  the  spoil  material,  the  calcium  in 
the  water  derived  from  calcite  dissolution  will  be  partly  removed  from 
solution  and  exchanged  for  sodium  on  the  clay.  Removal  of  calcium  from 
solution  by  ion  exchange  would  increase  the  magnitude  of  calcite 
dissolution,  which,  in  turn,  would  increase  the  sodium,  bicarbonate,  and 
dissolved-solids  concentrations  in  the  simulated  spoil-aquifer  water.  This 
process  can  and  does  occur  at  coal  mines  within  the  study  area. 

The  simulated  chemical  composition  of  the  spoil-aquifer  water  was  then 
subjected  to  four  possible  sets  of  chemical  simulations  that  could  occur 
during  movement  of  spoil-aquifer  water  into  a  coal  aquifer.  Simulation  1 
was  based  on  the  assumption  that  constant  volume  mixing  of  spoil-aquifer 
water  with  coal-aquifer  water  in  a  system  where  organic  carbon  within  the 
coal  aquifer  is  available  for  use  by  sulfate-reducing  bacteria  and  that 
equilibrium  is  maintained  between  calcite,  goethite,  and  amorphous  ferrous 
sulfide.  According  to  the  stable-isotope  data  collected  at  the  Dave 
Johnston  Mine,  water  samples  from  the  spoil  and  School  coal  aquifers  indi¬ 
cate  a  large  degree  of  mixing  immediately  downgradient  from  the  interface 
between  spoil  and  School  coal  aquifers  (fig.  28).  Simulation  1  also  was 
based  on  the  assumption  that  the  simulated  composition  of  the  spoil-aquifer 
water  is  mixed  with  water  having  the  composition  of  water  from  well  DCO-37, 
completed  in  the  School  coal  aquifer,  in  a  purely  hypothetical  ratio  of  0.15 
to  0.85  by  volume.  Four  millimoles  per  liter  of  carbon  with  a  valance  of 
zero  was  added  to  the  hypothetically  mixed  solution,  while  maintaining  equi¬ 
librium  with  calcite,  goethite,  and  amorphous  ferrous  sulfide.  The  composi¬ 
tion  of  this  ground  water  was  saved  and  subjected  to  the  same  set  of  chemi¬ 
cal  reactions  described  previously.  These  reaction  sets  were  repeated  five 
times  and  are  operationally  defined  as  reaction  increments. 

The  reaction  constraints  imposed  on  simulations  2,  3,  and  4  were 
similar  to  those  imposed  on  simulation  1.  Simulation  2  had  the  same 
reaction  constraints  as  simulation  1  except  that  dolomite  equilibrium  also 
was  maintained.  Simulation  3  had  the  same  reaction  constraints  as 
simulation  1  except  that  goethite  was  not  present  for  dissolution  within  the 
coal  aquifer.  Simulation  4  had  the  same  reaction  constraints  as 
simulation  1  except  the  organic  carbon  within  the  coal  aquifer  was  not 
available  to  sulfate-reducing  bacteria  and  goethite  was  not  available  for 
dissolution.  Drever  (1982,  p.  292)  has  noted  that  sulfate  reduction  in  some 
coal  aquifers  is  a  slow  process  because  the  sulfate-reducing  bacteria  are 
incapable  of  utilizing  the  carbon  compounds  in  the  coal. 

The  simulated  changes  in  water  quality  for  the  four  different  reaction 
simulations  described  previously  are  shown  in  figure  32.  The  decrease  in 
calcium,  sulfate,  and  dissolved-solids  concentrations  are  largest  for 
simulations  1  and  2.  Simulations  1  and  2  had  a  carbon  source  that  could  be 
utilized  by  bacteria  to  reduce  the  sulfate  to  sulfide  (table  10,  reaction  2) 
and  an  iron  source  to  provide  iron  for  the  formation  of  amorphous  ferrous 
sulfide. 
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SULFATE  CONCENTRATION,  CALCIUM  CONCENTRATION, 

IN  MILLIMOLES  PER  LITER  IN  MILLIMOLES  PER  LITER 


REACTION  INCREMENT  (DIMENSIONLESS) 


Figure  32. — Changes  in  concentrations  of  calcium,  alkalinity,  sulfate, 
and  dissolved-solids  in  relation  to  the  reaction  increments  using 
the  reaction-path  geochemical  model  PHREEQE. 


90 


Reaction  simulations  3  and  4  do  not  indicate  as  large  a  decrease  in 
calcium,  sulfate,  and  d  issol ved-sol ids  concentrations  as  reaction 
simulations  1  and  2  (fig.  32).  Although  a  carbon  source  was  provided  in 
simulation  3,  an  iron  source  was  not  provided.  The  lack  of  an  iron  source 
for  simulation  3  prevents  the  reduced  sulfur  generated  from  reaction  2 
(table  10)  to  form  as  much  amorphous  ferrous  sulfide  as  is  formed  in 
reaction  simulations  1  and  2,  thereby  preventing  as  much  sulfate  reduction 
as  occurred  in  reaction  simulations  1  and  2.  Less  sulfate  reduction  in 
reaction  simulation  3  results  in  a  larger  calcium  concentration  relative  to 
reaction  simulations  1  and  2  (fig.  32)  because  smaller  quantities  of  reduced 
carbon  are  being  oxidized  (table  10,  reaction  2).  Less  carbon  oxidation 
results  in  less  carbonate  precipitation  (table  10,  reaction  5).  Because  a 
reduced  carbon  source  was  not  available  in  reaction  simulation  4,  sulfate 
reduction  could  not  occur,  resulting  in  only  moderate  decreases  in 
d issol ved -sol  ids  concentration  as  a  function  of  reaction  increment 
(fig.  32). 

The  results  of  the  modeling  exercise  indicate  the  potential  for 
improvements  in  postmining  water  quality  as  a  postmining  ground  water  with  a 
large  dissolved-solids  concentration  (3,540  mg/L)  moves  into  a  coal  aquifer 
with  relatively  small  dissolved-solids  concentrations  (910  mg/L).  The 
modeling  results  are  purely  hypothetical;  however,  the  results  do  indicate 
geochemical  conditions  that  are  most  ideal  for  large  decreases  in 
dissolved-solids  concentrations  in  coal  aquifers  receiving  recharge  from  a 
spoil  aquifer.  According  to  the  modeling  results,  a  coal  aquifer  with  the 
following  geochemical  conditions  would  be  most  ideal  for  large  decreases  in 
dissolved-solids  concentrations: 

1.  Bacteria  populations  capable  of  reducing  sulfate. 

2.  Organic-carbon  sources  that  can  be  utilized  by  bacteria  to 
facilitate  sulfate  reduction. 

3.  A  source  of  iron  that  will  facilitate  the  removal,  by  mineral 
precipitation,  of  the  sulfide  produced  by  sulfate  reduction. 

Geochemical  condition  1,  previously  described,  probably  is  operating 
within  the  study  area.  Based  on  indirect  geochemical  evidence,  sulfate- 
reducing  bacteria  probably  are  present  in  at  least  a  few  aquifers  within  the 
study  area.  Work  done  by  Houghton  and  others  (1985,  p.  38)  reported 
sulfate-reducing  bacteria  in  lignite,  sandstone,  and  spoil  aquifers  located 
in  North  Dakota.  In  the  study  by  Houghton  and  others  (1985),  ground-water 
samples  with  detectable  concentrations  of  sulfide  and  large  concentrations 
of  dissolved  organic  carbon  (DOC)  had  the  largest  bacterial  populations. 
Water  samples  from  the  coal  aquifers  at  the  Dave  Johnston  and  Cordero  Mines 
had  detectable  sulfide  concentrations,  and  samples  from  the  spoil  aquifer  at 
the  Caballo  Mine  had  DOC  concentrations  exceeding  250  mg/L.  As  noted 
previously,  the  presence  of  these  bacteria  could  decrease  the  dissolved- 
solids  concentrations  in  postmining  ground  water  as  it  moves  offsite. 
Additional  study  is  needed  to  identify  if  geochemical  conditions  2  and  3  are 
operating  within  the  coal  aquifers. 
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Impacts  of  Surface  Coal  Mining  on  Ground-Water  Quality 


Surface  coal  mining  will  initially  degrade  ground-water  quality  in  the 
areas  of  mining.  In  general,  the  chemical  quality  of  current  (  1986)  and 
future  water  from  the  spoil  aquifers  will  meet  the  State  standard  for 
livestock.  The  primary  chemical  constituents  that  exceeded  and  might  exceed 
the  State  standard  for  livestock  in  selected  samples  are  dissolved  solids, 
sulfate,  nitrate,  chromium,  and  selenium.  Additional  monitoring  data  are 
needed  to  determine  if  the  concentrations  of  all  constituents  of  concern 
(dissolved  solids,  sulfate,  nitrate,  chromium,  and  selenium)  will  decrease 
to  and  stabilize  at  concentrations  less  than  the  State  standard  for 
livestock.  Assuming  that  the  water  quality  in  future  spoil  aquifers  will  be 
similar  to  the  quality  indicated  by  the  water-quality  data  for  the  existing 
spoil  aquifers,  the  increase  in  the  number  and  extent  of  spoil  aquifers 
resulting  from  future  mining  will  expand  the  extent  of  the  area  where  water 
quality  currently  (1986)  is  affected  by  surface  coal  mining.  Smaller 
concentrations  of  dissolved  solids,  nitrate,  and  selenium  in  future 
postmining  water  were  predicted  by  column-leaching-test  results. 

Dissolved-solids  concentrations  have  not  decreased  substantially  during 
the  almost  4  years  of  record  at  the  Cordero  Mine  (fig.  11);  however, 
Houghton  and  others  (1987,  p.  62),  on  the  basis  of  studies  done  in  North 
Dakota,  estimate  that  at  le<st  1  pore  volume  of  water  needs  to  leach  the 
spoil  material  before  the  water  would  contain  a  dissol ved-sol ids 
concentration  similar  to  the  premining  dissolved-solids  concentration.  The 
time  required  to  pass  1  pore  volume  of  water  through  the  spoil  aquifer  is 
greater  than  the  time  required  for  the  postmining  ground-water  system  to 
re-establish  equilibrium.  Current  (1987)  estimates  of  the  time  required  for 
the  postmining  ground-water  system  to  re-establish  equilibrium  varies  from  a 
few  tens  of  years  to  hundreds  of  years. 

During  future  reclamation  at  the  Cordero  Mine  and  at  other  mines  with 
similar  hydrogeologic  and  geochemical  conditions,  steps  could  be  taken  to 
minimize  increases  of  dissolved-solids  concentrations  in  postmining  ground 
water.  Isolation  of  overburden  material  with  large  soluble-salt  contents  to 
areas  above  the  postmining  ground-water  table  in  conjunction  with  decreasing 
the  rates  of  surface-water  infiltration  in  the  spoil  aquifer  could  minimize 
future  increases  in  dissolved-solids  concentrations.  In  addition,  isolation 
of  spoil  material  with  large  soluble-salt  contents  from  clay-rich  and 
organic-rich  strata  during  backfilling  also  could  minimize  increases  in 
dissolved-solids  concentrations  in  postmining  ground  water. 

On  the  basis  of  the  geochemical  information  collected  at  the  Dave 
Johnston  Mine,  movement  of  postmining  ground  water  from  the  spoil  aquifer 
into  the  adjacent  School  coal  aquifer  initially  resulted  in  a  net  increase 
in  the  dissolved-solids  concentration  in  water  from  the  School  coal  aquifer. 
Because  only  a  finite  quantity  of  soluble  salt  is  available  for  leaching  in 
the  spoil  material,  this  increase  in  dissolved-solids  concentration  in  water 
within  the  School  coal  aquifer  will  probably  be  temporary.  As  the  soluble 
salts  continue  to  leach  from  the  spoil  material,  future  postmining  water 
entering  the  School  coal  aquifer  will  decrease  in  dissolved-solids 
concentration  until  a  postmining  equilibrium  condition  is  attained. 
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According  to  geochemical  modeling  results,  a  coal  aquifer  with  the 
following  geochemical  conditions  would  be  most  ideal  for  large  decreases  in 
dissolved-solids  concentrations: 

1.  Bacteria  populations  capable  of  reducing  sulfate. 

2.  Organic-carbon  sources  that  can  be  utilized  by  bacteria  to 
facilitate  sulfate  reduction. 

3.  A  source  of  iron  that  will  facilitate  the  removal,  by  mineral 
precipitation,  of  the  sulfide  produced  by  sulfate  reduction. 

Based  on  indirect  geochemical  evidence,  sulfate-reducing  bacteria  probably 
are  present  in  at  least  a  few  aquifers  within  the  study  area. 


SURFACE-WATER  HYDROLOGY 

The  purpose  of  the  surface-water  analysis  is  to  determine  the  premining 
hydrologic  characteristics  and  the  cumulative  impacts  that  surface  coal 
mining  will  have  on  surface-water  flow,  quality,  and  sediment  yield.  Major 
streams  draining  the  study  area  are  described  in  the  topography  and  drainage 
section  of  this  report. 

The  location  of  streamflow-gaging  stations  operated  by  the  U.S. 
Geological  Survey  and  the  coal-mining  companies  is  shown  on  plate  4. 
Information,  such  as  location  and  period  of  record,  for  stations  operated  by 
the  Survey  is  listed  in  table  14;  similar  information  for  stations  operated 
by  the  coal-mining  companies  is  listed  in  table  33  in  the  Supplemental  Data 
section.  Records  of  streamflow  and  water  quality  collected  in  the  study 
area  by  the  Survey  are  published  in  a  series  of  annual  reports.  They  also 
may  be  retrieved  through  computerized  data  systems,  WATSTORE,  of  the  Survey. 
A  summary  of  statistical  analyses  of  streamflow  data  for  Survey-operated 
stations  has  recently  been  prepared  by  Peterson  (in  press). 

The  streamflow  and  water-quality  data  collected  by  the  coal-mining 
companies  are  submitted  annually  to  the  Wyoming  Department  of  Environmental 
Quality,  Land  Quality  Division.  Several  of  the  coal-mining  companies  have 
their  own  computerized  file  systems  for  storage  and  retrieval  of  their 
individual  data;  however,  a  centralized  data  system  currently  (  1987)  does 
not  exist  for  compiling  and  analyzing  the  company  data. 

The  list  of  company-operated  stations  in  table  33  was  compiled  from 
mine-permit  applications  and  annual  reports  on  file  with  the  Wyoming 
Department  of  Environmental  Quality.  In  addition,  each  company  was  asked  to 
provide  a  refined  list  of  their  surface-water  data  stations  having  high- 
quality  records.  The  intent  of  the  compilation  and  refinement  was  to  obtain 
an  index  of  surface-water  data  stations  operated  by  the  coal-mining 
companies.  Not  all  companies  responded  to  the  request;  therefore,  table  33 
likely  still  contains  some  stations  for  which  the  records  are  of  marginal 
value  for  assessing  streamflow  and  water  quality. 
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A  large  sample  of  the  streamflow  records  for  company-operated  stations 
was  reviewed  for  adequacy  of  data  for  hydrologic  analysis.  The  streamflow 
records  were  both  short  and  incomplete.  Some  streamf low-gaging  stations 
were  moved  as  mining  and  reclamation  progressed.  Periods  of  record  during 
recorder  malfunction  were  not  estimated;  therefore,  an  annual  average-flow 
value  could  not  be  estimated  and  large  discharges  may  not  have  been 
recorded.  At  most  stations,  streamflow  measurements  were  not  used  to  verify 
the  stage-discharge  ratings. 


Streamflow 


Three  primary  streamflow  characteristics  are  considered  in  the  analysis 
of  cumulative  hydrologic  impacts:  average  runoff,  peak  flow,  and  low  flow. 
These  characteristics  are  a  function  of  precipitation  and  infiltration  of 
precipitation  into  the  soil  column.  A  change  in  infiltration  will  result  in 
a  direct  or  indirect  change  in  all  three  streamflow  characteristics. 

Average  runoff  is  the  sum  of  annual  average  discharges  for  the  period 
of  the  record  divided  by  the  number  of  years.  At  least  5  water  years  of 
record  are  preferred  to  estimate  the  average  runoff.  Seven  streamflow- 
gaging  stations  in  the  study  area  have  sufficient  length  of  record  to 
compute  average  annual  runoff.  Streamflow-gaging  stations,  drainage  area, 
period  of  record,  average  annual  runoff  in  units  of  acre-feet  and  inches  are 
listed  in  table  15.  The  location  of  these  streamflow-gaging  stations  is 
shown  in  figure  33.  Average  annual  precipitation  for  the  study  area  is 
about  14  in.  The  weighted  mean  annual  runoff  computed  from  the  data  in 
table  15  is  0.185  in.;  1.3  percent  of  the  annual  precipitation  becomes 
runoff. 

Floodflow  of  an  undisturbed  natural  stream  is  a  function  of  drainage 
area,  basin  slope,  channel  slope,  maximum  relief,  infiltration,  and 
precipitation.  Relations  for  estimating  peak  flows  for  small  natural 
streams  in  the  study  area  were  developed  by  Craig  and  Rankl  (  1978)  as  part 
of  a  report  describing  runoff  from  ephemeral  streams.  The  relations  are 
applicable  for  streams  with  drainage  areas  between  0.69  and  10.8  mi2,  basin 
slopes  between  240  and  929  ft/mi,  channel  slopes  between  59  and  204  ft/mi, 
and  maximum  basin  relief  between  173  and  752  ft.  The  following  equations 
from  Craig  and  Rankl  (1978,  p.  27)  are  used  to  estimate  peak  flow  for 
selected  recurrence  intervals: 
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where  Qu  -  annual  peak  flow,  in  cubic  feet  per  second,  with  subscript  t 
designating  the  average  recurrence  interval,  in  years; 


t 

A  =  contributing  drainage  area,  in  square  miles; 


B 


R 


M 


S  1  0  /  8 


average  basin  slope,  in  feet  per  mile,  obtained  by  measuring  the 
lengths  (in  miles)  of  all  contour  lines  within  the  drainage 
basin  boundary,  multiplying  by  the  contour  interval  in  feet, 
and  dividing  by  the  drainage  area  in  square  miles; 

maximum  relief  in  the  drainage  basin,  in  feet,  determined  by 
taking  the  difference  in  elevation  between  the  channel  at  the 
streamflow-gaging  station  and  the  highest  point  in  the  drainage 
basin;  and 

main-channel  slope  in  feet  per  mile,  determined  from  the 
elevations  at  points  10  and  85  percent  of  the  distance  along 
the  channel  from  the  streamflow-gaging  station  to  drainage- 
basin  divide. 


A  typical  basin  and  computations  of  basin  characteristics  and  the  100-year 
peak  flow  are  shown  in  figure  34. 

The  estimating  equations  5-10  were  developed  through  an  analysis  of 
data  collected  for  8  years  at  22  streamflow-gaging  stations.  The  annual 
peak  flow  data  were  extended  in  time  (73  years)  using  rainfall  and  runoff 
modeling  techniques. 

In  addition  to  the  magnitude  and  frequency  of  floodflows,  Craig  and 
Rankl  (  1978)  defined  the  magnitude  and  frequency  of  flood  volumes  in  the 
plains  and  intermontane  valleys  of  Wyoming.  Flood  volumes  were  related  to 
drainage  area,  maximum  relief,  and  basin  slope.  A  dimensionless  hydrograph 
was  developed  to  provide  a  synthetic,  single-peak  hydrograph  using  peak  and 
volume  estimated  from  basin  characteristics.  Procedures  for  estimating  the 
peak  discharge  and  the  associated  runoff  volume  to  compute  the  synthetic, 
single-peak  hydrograph  are  described  by  Craig  and  Rankl  (1978). 
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Table  15. — Average  annual  runoff  from  drainage  basins  upstream  from 
streamflow-gaging  stations  with  more  than  5  water  years  of  record 


[Site  No.,  site  number  for  streamflow-gaging  station  listed 


in  table  14  and 

located  on  plate 

4  and  in 

figure  33] 

Site 

Drainage  area 
upstream  from 
gaging  station 

Period 
of  record 
(water 

Annual  runoff 

No. 

Station  name 

(square  miles) 

years) 

(acre-feet) 

( inches) 

8 

Little  Powder  River 
below  Corral  Creek, 
near  Weston 

204 

1977-83 

4,270 

0.392 

14 

Little  Powder  River 
above  Dry  Creek, 
near  Weston 

1,235 

1972-85 

16,520 

.251 

21 

Black  Thunder  Creek 
near  Hampshire 

535 

1972-85 

5,110 

.179 

24 

Belle  Fourche  River 
below  Rattlesnake 
Creek,  near  Piney 

495 

1975-83 

1 ,820 

.069 

26 

Belle  Fourche  River 
above  Dry  Creek, 
near  Piney 

594 

1975-83 

3,170 

.  100 

27 

Caballo  Creek  at 
mouth,  near  Piney 

260 

1977-83 

1,890 

.136 

33 

Belle  Fourche  River 
below  Moorcroft 

1,670 

1943-70, 

1975-83 

16,590 

.186 
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EXPLANATION 

A33  STREAMFLOW-GAGING 
STATION  AND  SITE 
NUMBER  —  Listed  in 
table  I  4 

DRAINAGE  BASINS 

—  Basin  boundary 

—  -  Subbasin  boundary 

V  DRAINAGE  BASIN 
NUMBER  —  For 
basins  listed  in 
tables  I  8  and  I  9 


Figure  33. — Location  of  streamflow-gaging  stations  and  drainage 

basins  used  in  surface-water  analyses. 
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09*30* 


Area  of  drainage  basin  (A)  =  2.12  square  miles 

Total  length  of  100-foot  contour  lines  (L)  =  14.9  miles 


Basin  slope  (Sg)  = 


L  x  Contour  interval  14.9  x  100 
A  =  2.12 


=  703  feet  per  mile 


Maximum  relief  (RM)  =  Highest  elevation  in  drainage  basin  -  stream 

channel  elevation  at  gage  =  5,370  -  4,822  =  548  feet 

Elevation85  -  Elevation,  0 

Stream  channel  slope  <S,./tt)  =  DistanCes!  .  Distance,. 

(S, ,,,,5)  =  =  108  feet  per  mile 

Where  the  elevations  are  determined  at  points  10  and  85  percent  of  the 
distance  along  the  stream  channel  from  the  streamf low-gaging  station  to 
the  drainage-basin  divide. 

1.0  8  2  0.9  1  «•  -1.0  ••  7  0,6  1  5 

100-year  peak  flow  =  Q100  =  50. 25 A  Sg  S,0/85 

Q100  =  1 > 093  cubic  feet  per  second 

Figure  34. — Typical  drainage  basin  used  for  analysis  of 
runoff  and  an  example  of  runoff  computation. 
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Equations  for  estimating  floodflows  for  basins  between  10.8  and 
5,270  mi2  were  developed  by  Lowham  (  1976).  H.W.  Lowham  (U.S.  Geological 
Survey,  oral  commun.,  1987)  currently  (1987)  is  developing  an  updated  set  of 
equations  using  all  peak  flow  data  used  in  the  earlier  reports  plus  the  data 
collected  since  1976.  Both  the  report  by  Craig  and  Rankl  (1978)  and  the 
updated  equations  being  developed  by  H.W.  Lowham  (oral  commun.,  1987)  show 
drainage  area  and  basin  slope  as  the  two  most  significant  basin  features 
affecting  peak  flows.  Thus,  the  magnitude  of  peak  flows  in  reclaimed  basins 
will  be  affected  to  some  extent  by  re-construction  of  these  features. 

Sustained  low  flows  commonly  are  the  result  of  discharge  to  stream 
channels  from  water  stored  in  aquifers  and  natural  surface  reservoirs.  Low 
flow  of  streams  in  the  study  area  is  the  result  of  discharge  from  the 
alluvial  and  bedrock  aquifers.  Armentrout  and  Wilson  (1987)  analyzed 
streamflow-gaging-station  records  for  streams  in  northeastern  Wyoming,  which 
includes  the  study  area,  and  reported  that  the  streams  cease  to  flow  for 
many  days  each  year.  Druse  and  others  (1981),  as  part  of  a  study  of  low 
flow  and  chemical  quality  of  streams  in  the  northern  Great  Plains  area, 
measured  low  flows  in  1978  to  determine  gain  or  loss  in  reaches  of  streams 
in  this  study  area. 

Only  one  station,  Belle  Fourche  River  below  Moorcroft,  had  a  record  of 
sufficient  length  to  compute  probabilities  of  no  flow  (Armentrout  and 
Wilson,  1987).  During  any  1  year,  the  probability  of  having  1  to  3  days  of 
no  flow  is  90  percent.  The  probability  of  no  flow  is  87  percent  for  7  days 
and  14  days.  Flow  in  the  Belle  Fourche  River  is  typical  of  the  streams  in 
the  southern  part  of  the  study  area.  The  Little  Powder  River,  which  has 
extensive  alluvial  deposits,  has  a  small  low  flow  of  about  1  ft3/s  (cubic 
foot  per  second)  and  is  dry  only  a  few  days  each  year  (Rankl  and  Lowry,  in 
press) . 


Streamflow  Quality 

Premining  surface-water  quality  within  and  adjacent  to  the  study  area 
is  described  in  detail  by  Lowry,  Wilson,  and  others  (1986,  p.  56-87). 
Average  dissolved-solids  concentrations  in  most  streams  in  the  area  exceed 
the  national  secondary  standard  for  public  water  supplies  of  500  mg/L 
established  by  the  U.S.  Environmental  Protection  Agency  (  1986b).  Average 
alkalinity  concentrations  in  streams  at  stations  within  the  study  area 
exceed  200  mg/L.  Based  on  data  compiled  by  Larson  (1986a,  p.  62),  all 
surface  water  in  the  study  area  had  a  pH  greater  than  6.0. 

Although  selenium  concentrations  in  excess  of  the  national  primary 
standard  for  public  water  supplies  of  0.01  mg/L  (U.S.  Environmental 
Protection  Agency,  1986a)  have  been  reported  in  surface  waters  to  the  west 
of  the  study  area  (Larson,  1986c,  p.  68),  selenium  and  other  trace-element 
concentrations  in  streams  within  the  study  area  generally  do  not  exceed 
national  water-quality  standards.  Exceptions  include  selected  surface-water 
samples  within  the  study  area  that  had  iron  and  manganese  concentrations 
exceeding  the  secondary  standard  for  public  water  supplies  (U.S. 
Environmental  Protection  Agency,  1986b). 
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Sediment  Yield 


Daily  records  of  sediment  concentration  and  discharge  have  been 
collected  by  the  U.S.  Geological  Survey  at  three  streamflow-gaging  stations 
in  the  study  area;  all  are  in  the  Belle  Fourche  River  basin.  Two  of  the 
stations  are  located  about  7  river  mi  apart  on  the  Belle  Fourche  River. 
These  stations  are  located  upstream  and  downstream  from  active  mining,  but 
the  disturbed  areas  were  small  at  the  time  data  were  collected.  The  third 
station  is  located  on  Coal  Creek,  a  tributary  flowing  into  the  Belle  Fourche 
River  between  the  the  two  mainstem  stations.  Coal  Creek  accounts  for  almost 
three-fourths  of  the  intervening  drainage  area  between  the  two  mainstem 
stations.  The  drainage  area  of  the  Belle  Fourche  River  basin  contributing 
to  the  flow  at  the  upstream  station  is  495  mi2  and  at  the  downstream  station 
it  is  594  mi2;  the  drainage  area  upstream  from  the  station  on  Coal  Creek  is 
71.8  mi2.  Data  for  the  total  sediment  discharge  (suspended  and  bedload) 
collected  at  the  three  streamflow-gaging  stations  are  presented  in  table  16. 
The  sediment  samples  were  collected  from  the  turbulent  section  of  a  weir  by 
an  automatic  sampler.  All  sediment  sampled  was  in  suspension.  Particle- 
size  analyses  of  samples  from  all  three  stations  indicate  that  all  sediment 
is  sand-size  or  smaller  (less  than  0.062  millimeter  in  diameter). 

In  2  years,  sufficient  sediment  samples  were  collected  at  Coal  Creek 
near  Piney  to  define  the  total  sediment  load  for  12  peak  flows.  A  relation 
between  peak  discharge  and  total  sediment  load  (Rankl,  1987)  is  being 
developed  through  a  cooperative  program  between  the  Wyoming  State  Engineer 
and  the  U.S.  Geological  Survey.  This  relation  is  useful  for  estimating 
sediment  loads  for  ephemeral  streams  where  peak-flow-frequency  data  or 
methods  of  estimating  peak-flow  frequency  are  available.  The  peak- 
discharge/sediment-load  relation  for  Coal  Creek  is  applicable  only  for  Coal 
Creek  (fig.  35).  Both  peak  discharge  and  sediment  data  are  being  collected 
at  streamflow-gaging  stations  in  and  near  the  study  area  in  order  to  define 
a  regional  relation. 

Sediment  data  also  have  been  collected  by  several  of  the  coal-mining 
companies;  for  example,  Antelope  Coal  Company  has  operated  automatic 
sediment  samplers  at  five  sites.  However,  the  records,  especially  for 
ephemeral  streams,  are  limited  to  three  or  four  peak  flows,  which  provides 
insufficient  data  to  determine  the  annual  sediment  yield  or  differences  in 
sediment  yield  between  natural  and  reclaimed  drainages. 

The  sediment  records  collected  for  the  Belle  Fourche  River  basin  are 
not  of  sufficient  length  for  a  statistical  analysis,  but  general 
characteristics  can  be  described.  The  median  annual  sediment  discharge  and 
sediment  yield  for  the  downstream  streamflow-gaging  station  on  the  Belle 
Fourche  River  (site  26)  is  about  eight  times  the  sediment  discharge  and 
sediment  yield  at  the  upstream  station  (site  24),  but  the  drainage  area  is 
only  20  percent  larger.  The  increase  in  sediment  yield  appears  to  be 
attributable  to  Coal  Creek  (site  25),  which  flows  into  the  Belle  Fourche 
River  about  1  river  mi  upstream  from  the  downstream  station  (site  26). 
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Table  16. — Sediment  data  for  three  sediment-sampling 
stations  in  the  Belle  Fourche  River  basin 


[ — ,  data  not  available] 

Total  sediment 

discharge 

(tons  per  year) 

Water 

year 

Belle  Fourche  River 
below  Rattlesnake 
Creek,  near  Finey 
(site  24) 

Coal  Creek 
near  Finey 
(site  25) 

Belle  Fourche  River 
above  Dry  Creek, 
near  Piney 
(site  26) 

1977 

80.4 

— 

1,260 

1978 

5,740 

— 

58,500 

1979 

522 

— 

2,440 

1980 

9.31 

— 

36.6 

1981 

49.4 

5,030 

3,850 

1982 

409 

1,820 

3,460 

1983 

— 

— 

228 

Median  sediment 
discharge  (tons 
per  year) 

245 

i 

2,440 

Drainage  area 
(square  miles) 

495 

71.8 

594 

Suspended  sediment 
yield  (tons  per 
square  mile 
per  year) 

.5 

i 

4.1 

1  Insufficient 

record  to  calculate  median  sediment 

discharge  and  sediment 

yield . 
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A  landsat  image  of  the  Belle  Fourche  River  basin  drainage  shows  that 
the  Coal  Creek  drainage  basin  is  dissected,  steep-sloped,  and  subject  to 
erosion.  Large  areas  of  Renohill  clay  loam  and  Renohill  loam  developed  on 
land  with  slopes  between  15  and  20  percent  are  present  along  the  channels  of 
East  Fork  Coal  Creek  and  Middle  Fork  Coal  Creek  (Glassey  and  others,  1955, 
p.  40-41).  Natural  erosion  of  these  soils  provides  a  source  for  large 
sediment  yields  from  the  basin.  The  soils  in  the  upstream  part  of  the  Belle 
Fourche  River  basin  are  primarily  Ulm  loam,  which  has  developed  on  flatter 
terrain  and  contains  a  moderate  quantity  of  well-decomposed  humus  (Glassey 
and  others,  1955,  p.  47).  Soil  erodibility  and  steep  slopes  in  the  Coal 
Creek  drainage  basin  account  for  the  large  sediment  yield  from  the  basin. 


Figure  35. — Relation  of  total  sediment  load  to  peak 
discharge  for  storm  runoff,  Coal  Creek  near  Piney. 
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Water  Rights 


The  Wyoming  Constitution  declares  that  surface  water  within  Wyoming  is 
the  property  of  the  State  (Wyoming  Water  Planning  Program,  1972,  p.  46). 
The  Wyoming  State  Engineer's  Office  and  the  Wyoming  Board  of  Control 
supervise  the  appropriation  and  distribution  of  surface  water.  Wyoming 
water  laws  establish  the  priority  of  adjudicated  water  rights  on  the  basis 
of  "first  in  time  is  first  in  right." 

A  listing  of  surface-water  permits  for  an  area  including  the  lease 
areas  and  a  1-mi  buffer  from  the  lease  boundaries  was  compiled  in 
conjunction  with  the  Wyoming  State  Engineer's  Office.  In  1987,  there  were 
permit  records  for  46  ditches,  2  enlargements,  292  reservoirs,  and  158  stock 
reservoirs  on  file  for  the  study  area.  Some  unpermitted  reservoirs  may 
exist  in  the  study  area;  these  may  decrease  surface-water  runoff.  The 
location  and  identification  of  the  permits  are  shown  on  plate  5.  A  complete 
listing  of  the  permit  information  is  on  file  in  the  office  of  the  U.S. 
Geological  Survey  in  Cheyenne;  this  listing  also  may  be  obtained  from  the 
Wyoming  State  Engineer.  A  review  of  the  permits  indicates  that  many  of  the 
permits  on  the  lease  areas  are  for  sediment-retention  ponds  constructed  by 
the  coal-mining  companies. 


Impacts  of  Surface  Coal  Mining  on  Surface-Water  Hydrology 

Evaluation  of  impacts  of  surface  coal  mining  on  streamflow  and 
streamflow  quality  requires  special  sample  collection  and  measurement 
techniques  that  can  be  used  to  detect  or  measure  changes  in  quantity  and 
quality  of  surface  water.  An  evaluation  can  be  made  provided  a  change  can 
be  detected  in  the  flow  system.  Using  present  (1987)  technology,  four 
general  approaches  are  available:  (1)  Collection  of  streamflow  quantity  and 
quality  data  before,  during,  and  after  mining  has  been  completed, 
(2)  analysis  of  rainfall  and  runoff  data,  (3)  analysis  of  rainfall-simulator 
tests,  and,  (4)  analysis  of  the  sensitivity  of  the  flow  system  to  changes  in 
the  system.  Each  approach  has  advantages  and  disadvantages. 

Concurrent  with  the  expansion  of  energy  development,  particularly 
surface  coal  mining  during  mid-1970's,  a  network  of  streamflow-gaging 
stations  was  established  in  the  eastern  Powder  River  basin  by  the  U.S. 
Geological  Survey  to  collect  surface-water  quantity  and  quality  data.  The 
stations  were  selected  to  collect  data  from  natural  streams  with  little  or 
no  impacts  from  surface  coal  mining,  streams  draining  the  coal  mining  and 
proposed  mining  areas,  and  streams  draining  the  areas  of  oil-field 
development.  Because  of  funding  limitations,  data  collection  at  most  of  the 
stations  ceased  before  a  record  of  sufficient  length  for  statistical 
analysis  could  be  collected.  However,  several  local  changes  of  short 
duration,  such  as  increased  streamflow  resulting  from  mine  dewatering  and 
increased  nitrate  concentrations,  were  noted  (U.S.  Geological  Survey,  1980, 
p.  359-361).  But  the  records  were  too  short  to  establish  cumulative,  long¬ 
term  trends. 
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Three  streamflow-gaging  stations,  Little  Powder  River  above  Dry  Creek, 
near  Weston  (site  14),  Black  Thunder  Creek  near  Hampshire  (site  21),  and 
Belle  Fourche  River  below  Moorcroft  (site  33)  have  records  before  mining 
began  until  the  present  (1987).  Although  these  stations  are  downstream  from 
mines  and  should  be  useful  for  determining  cumulative  impacts,  they  were  not 
established  for  that  purpose  and  are  too  far  downstream  to  detect  even  major 
changes  in  streamflow  or  streamflow  quality. 

Calibration  of  numerical  models  using  rainfall  and  runoff  data  can  be 
accomplished  for  small  basins  containing  ephemeral  streams  (Craig  and  Rankl, 
1978;  Lowry  and  Rankl,  1987).  Results  from  small-basin  model  studies 
provide  information  to  evaluate  site-specific  hydrologic  impacts,  but  cannot 
be  used  for  cumulative  impacts.  Runoff  in  small  ephemeral  streams  is 
periodic  and  cannot  be  summed  to  determine  cumulative  runoff;  therefore, 
cumulative  hydrologic  impacts  cannot  be  evaluated  by  numerical  models  using 
rainfall  and  runoff  data  from  small  basins.  Large  basins,  the  size  required 
to  evaluate  cumulative  hydrologic  impacts  by  numerical  models,  seldom  have  a 
storm  with  precipitation  that  is  widespread  and  areally  uniform.  The 
limited  storm  and  runoff  data  do  not  provide  the  necessary  information  to 
accurately  calibrate  parameters  used  in  a  numerical  model.  The  calibration 
of  model  parameters  needs  to  be  based  on  at  least  3  years  of  record  (Bloyd 
and  others,  1986,  p.  24). 

Infiltration  rates  can  be  determined  by  two  methods.  First, 
infiltration  rates  can  be  computed  from  rainfall  and  runoff  data;  second, 
infiltration  rates  can  be  determined  from  the  results  of  rainfall-simulator 
tests.  However,  the  infiltration  rates  that  are  computed  using  these  two 
methods  do  not  provide  comparable  results. 

Infiltration  rates  computed  using  rainfall  and  runoff  data  usually  are 
slower  than  those  computed  using  rainfall-simulator  tests.  The  saturated 
hydraulic  conductivity  or  the  saturated  infiltration  rate  determined  from 
rainfall-runoff  studies  ranged  from  0.02  in./h  for  clay  soils  to  about 
0.2  in./h  for  sandy  soils  (Rankl,  1982).  Saturated  infiltration  rates 
computed  from  rainfall  and  runoff  model  calibrations  (Craig  and  Rankl,  1978, 
p.  15),  ranged  from  0.017  to  0.105  in./h.  Equations  used  to  compute 
infiltration  for  the  rainfall  and  runoff  studies  account  for  the  antecedant 
moisture  conditions,  in  this  case  initially  dry  soil. 

Rainfall-simulator  tests  performed  on  soils  developed  from  the  Cody 
Shale  of  Cretaceous  age  resulted  in  a  computed  infiltration  rate  of 
0.61  in./h,  which  is  about  three  times  greater  than  that  computed  using 
rainfall  and  runoff  data  (J.G.  Rankl,  U.S.  Geological  Survey,  oral  commun.  , 
1987).  The  tests  were  performed  on  dry  soils  in  order  to  simulate  soil- 
moisture  conditions  common  in  a  semiarid  climate. 

Rainfall-simulator  tests  were  performed  on  reclaimed  mine  soil  at  three 
mines  in  the  eastern  Powder  River  basin.  The  majority  of  the  tests  were 
performed  in  1979,  1981,  1983,  and  1984  at  the  Belle  Ayr  Mine,  which  is  in 
the  study  area  (Gifford,  1983;  Hutten  and  Gifford,  1984).  The  soils  were 
classified  into  three  categories — heavy,  medium,  and  light — except  for  the 
test  in  1984.  In  order  to  determine  that  the  results  of  infiltration 
studies  at  the  Belle  Ayr  Mine  were  not  totally  due  to  the  reclamation 
process  used  at  that  mine,  infiltration  studies  conducted  by  Lusby  and  Toy 
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(1976)  at  the  Dave  Johnston  Mine  in  Converse  County  and  at  the  Big  Horn  Mine 
near  Sheridan  in  1976  were  included  in  this  study.  The  rainfall-simulator 
tests  were  performed  in  pairs:  natural  soils  and  reclaimed  soils.  For  all 
tests,  the  soil  was  prewetted  in  order  to  simulate  a  saturated  soil-moisture 
content  common  to  all  tests.  Information  on  the  elapsed  time  between 
reclamation  and  the  rainfall-simulator  tests  was  not  available.  The  tests 
for  infiltration  rates  on  reclaimed  soils  in  1979,  1981,  and  1983  were 
conducted  at  the  same  30  plots;  therefore,  the  1983  test  was  performed  on 
reclaimed  soils  at  least  4  years  after  reclamation.  The  elapsed  time 
between  reclamation  and  the  1984  rainfall-simulator  tests  was  variable 
(Hutten  and  Gifford,  1984).  A  summary  of  the  results  is  listed  in  table  17. 

Differences  between  infiltration  rates  for  natural  soils  and  reclaimed 
soils  may  be  masked  by  the  variability  of  infiltration  rates  of  soils  and 
the  variability  of  measuring  infiltration  rates.  Statistical  analysis  of 
infiltration  rates  measured  in  1984  at  the  Belle  Ayr  Mine  indicates  no  sig¬ 
nificant  differences  between  infiltration  rates  of  natural  and  reclaimed 
soils  (Hutten  and  Gifford,  1984).  Although  a  significant  difference  in 
infiltration  rates  between  natural  and  reclaimed  soils  cannot  be  established 
from  the  individual  studies,  a  tendency  of  reclaimed  soils  to  have  infiltra¬ 
tion  rates  that  are  slightly  less  than  those  for  natural  soils  is  indicated 
by  the  data  in  table  17.  The  weighted  mean  difference  for  all  samples  indi¬ 
cates  that  reclaimed  soils  have  an  infiltration  rate  of  about  29  percent 
less  than  that  for  natural  soils. 

Infiltration  rates  for  reclaimed  soils  probably  will  increase  to  or 
nearly  to  rates  of  infiltration  for  undisturbed  soils.  Little  information 
is  available  on  the  time  before  infiltration  rates  increase  to  premining 
rates  for  soils  in  a  semiarid  climate,  but  some  data  are  available  for  a 
study  of  grazing  lands  in  Idaho  (Gifford,  1982).  That  study,  conducted 
during  a  12-year  period,  indicated  that  a  complete  recovery  of  infiltration 
rates  due  to  plowing  would  require  at  least  6  years.  Grazing  of  the  plowed 
lands  would  increase  the  time  for  recovery.  Regardless  that  the  infiltra¬ 
tion  rates  increased  on  both  the  natural  and  reclaimed  soils,  the  average 
percentage  difference  between  infiltration  rates  for  natural  and  reclaimed 
soils  at  the  Belle  Ayr  Mine  for  1979,  1981,  and  1983  indicates  a  similar 
trend  (fig.  36). 


Streamflow 

For  this  study,  the  measured  change  in  infiltration  rates  is  the  best 
measure  of  a  change  in  average  runoff.  A  change  in  infiltration  rates  does 
not  have  an  inverse  corresponding  change  in  runoff,  but  on  the  average,  the 
change  in  infiltration  rates  is  a  good  index  of  the  change  in  runoff. 
Runoff  is  a  function  of  total  storm  precipitation,  storm  intensity,  natural 
storage,  land  slope,  evaporation,  and  infiltration.  Runoff  will  be  least 
changed  by  changes  in  infiltration  for  short-duration  storms  with  intense 
precipitation  and  most  changed  by  changes  in  infiltration  for  long-duration 
storms  with  less  intense  precipitation.  For  this  study,  the  runoff  from 
reclaimed  mine  areas  was  assumed  to  be  29  percent  greater  than  that  from 
unmined  areas,  due  to  the  average  29-percent  decrease  in  infiltration  rate 
for  reclaimed  soils. 
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Table  17. — Summary  of  rainfall-simulator  tests  comparing 
infiltration  rates  for  natural  and  reclaimed  soils 

[ D J ,  Dave  Johnson  Mine;  BH,  Big  Horn  Mine;  BA,  Belle  Ayr  Mine] 


Year  and 
location 
of  test 

Soil 

category 

Natural 

Infiltration 
rate  (inches 
per  hour) 

soil 

Number 

of 

plots 

Reclaimed 
Infiltration 
rate  (inches 
per  hour) 

soil 

Number 

of 

plots 

Difference  in 
infiltration 
rate  (percent) 

1976-DJ 1 

Undefined 

1.44 

1 

0.60 

1 

-58 

1 976— BH 1 

Undefined 

3.04 

1 

1.51 

1 

-50 

1979-BA2 

Heavy 

.6 

10 

.7 

10 

+  17 

1979-BA2 

Medium 

1.9 

10 

.6 

10 

-68 

1979-BA2 

Light 

2.1 

10 

.3 

10 

-86 

1 98 1 —BA 2 

Heavy 

1.8 

10 

1.4 

10 

-22 

1 98 1 —BA 2 

Medium 

2.7 

10 

1.5 

10 

-44 

1 98 1 —BA 2 

Light 

2.3 

10 

1.8 

10 

-22 

1983-BA2 

Heavy 

2.6 

10 

2.8 

10 

+8 

1983-BA2 

Medium 

3.5 

10 

2.4 

10 

-31 

1983-BA2 

Light 

3.8 

10 

2.8 

10 

-26 

1984-BA3 

Undifferentiated 

1.66 

30 

1.52 

30 

-8 

Average 

(weighted) 

2.19 

1.56 

-29 

1  From  Lusby  and  Toy  (1976,  p.  381) 

2  From  Gifford  (1983) 

3  From  Hutten  and  Gifford  (1984,  p.  24-25) 
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Figure  36. — Average  percentage  difference  between 
infiltration  rates  for  natural  and  reclaimed  soils 
at  the  Belle  Ayr  Mine. 


Projected  maximum  areas  to  be  disturbed  during  mining,  which  were 
obtained  from  the  Wyoming  Department  of  Environmental  Quality,  were 
digitized;  disturbed  areas  (mine  pits  and  reclaimed  areas)  were  computed  for 
each  major  drainage  basin.  Drainage  basins  used  in  this  study  were  jointly 
selected  by  hydrologists  from  the  Wyoming  Department  of  Environmental 
Quality  and  the  U.S.  Geological  Survey.  The  criteria  used  for  the  selection 
of  the  basins  was  the  proximity  of  mining  and  the  availability  of  streamflow 
data.  If  the  location  of  a  streamflow-gaging  station  is  near  the  mouth  of 
the  basin,  the  station  is  used  for  the  point  of  reference;  otherwise  the 
point  of  reference  is  the  mouth  of  the  basin.  The  projected  maximum 
disturbed  areas  are  shown  on  plate  M.  A  summary  of  projected  maximum 
disturbed  areas  in  the  major  drainage  basins  (fig.  33)  in  the  study  area  is 
listed  in  table  18. 

A  sensitivity  analysis  was  made  for  theoretical  changes  in  flow  for 
Black  Thunder  Creek  near  Hampshire.  An  assumption  was  made  that  flow  from 
the  disturbed  area  of  the  basin  (32.2  mi2)  both  increased  and  decreased  by 
10,  30,  and  50  percent.  The  cumulative  change  was  computed  in  a  downstream 
direction  with  an  increasing  drainage  area  to  determine  the  effective  change 
in  flow  in  relation  to  the  natural  flow.  If  a  statistical  analysis  were 
performed  on  the  flow  data  before  and  after  mining  for  a  drainage  area  of 
300  mi2  with  a  50-percent  change  in  runoff  from  the  mined  areas,  a 
significant  difference  could  not  be  determined  because  the  change  in  flow 
would  be  less  than  the  measurement  accuracy  and  the  annual  variability  of 
flow.  The  sensitivity  analysis  is  presented  in  graphical  form  in  figure  37. 
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Table  18. — Projected  maximum  areas  of  drainage  basins  bo  be  disturbed  during  mining  of 
selected  existing  and  proposed  mines,  and  increases  in  runoff  in  major  drainage  basins 


Drainage 
basin 
number 
rig.  33) 

Drainage  basin 

Drainage 

area 

(square 

miles) 

Projected 
maximum  area 
of  drainage 
basin  to  be 
disturbed 
by  mining 
(square  miles) 

Percentage 
of  drainage 
area  to  be 
disturbed 
by  mining 

Increase  in  runoff 
resulting  from 
areas  disturbed 
by  mining 

Inches  Percent 

I 

Little  Powder  River 
above  Dry  Creek, 
near  Weston1  2 

1,235 

25.1 

2.0 

0.0011 

0.6 

II 

Little  Powder  River 
below  Corral  Creek, 
near  Weston1  2 

204 

25.1 

12.3 

.0066 

3.6 

III 

Rawhide  Creek  at 
confluence  with 

Little  Powder  River 

120 

13.6 

11.3 

.0061 

3.3 

IV 

Donkey  Creek  near 
Moorcroft* 1 

246 

6.02 

2.4 

.0013 

.7 

V 

Belle  Fourche  River 
below  Moorcroft1  3 

1,670 

57.7 

3.5 

.0018 

1.0 

VI 

Caballo  Creek  at 
mouth,  near  Piney1 

260 

29.3 

11.3 

.0061 

3.3 

VII 

Coal  Creek  at 
confluence  with 

Belle  Fourche  River 

74.7 

11.1 

14.9 

.0080 

4.3 

VIII 

Black  Thunder  Creek  at 
confluence  with 

Little  Thunder  Creek 

217 

9.19 

4.2 

.0023 

1 .2 

IX 

Little  Thunder  Creek 
near  Hampshire1 

234 

23.0 

9.8 

.0053 

2.9 

X 

Black  Thunder  Creek 
near  Hampshire1  * 

535 

32.2 

6.0 

.003 2 

1.7 

XI 

Porcupine  Creek 
at  confluence  with 
Antelope  Creek 

139 

9.75 

7.0 

.0038 

2.0 

XII 

Antelope  Creek 
near  Teckla1  5 

959 

18.2 

1.9 

.0010 

.6 

XIII 

Cheyenne  River  near 

Dull  Center1  * 

1,527 

20.0 

1.3 

.001 

.4 

1  Drainage  area  upstream  from  streamf low-gaging  station 
1  Includes  the  drainage  and  disturbed  areas  of  Rawhide  Creek 

*  Includes  the  drainage  and  disturbed  areas  of  Donkey  Creek,  Coal  Creek  and  Caballo  Creek 

*  Includes  the  drainage  and  disturbed  areas  of  Little  Thunder  Creek 

1  Includes  the  drainage  and  disturbed  areas  of  Porcupine  Creek 

*  Includes  the  drainage  and  disturbed  areas  of  Porcupine  and  Antelope  Creek 
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RUNOFF,  IN  INCHES 


Figure  37. — Sensitivity  analysis  for  hypothetical  changes  in 

runoff  in  Black  Thunder  Creek. 


no 


Black  Thunder  Creek  (site  21)  was  used  in  the  analysis  because  the 
streamf low-gaging  station  (site  21)  on  Black  Thunder  Creek  has  13  years  of 
streamflow  record,  the  basin  has  a  large  projected  maximum  disturbed  area, 
and  the  disturbed  areas  are  located  at  the  headwaters  of  the  drainage  basin. 
From  the  analysis,  changes  in  quantity  and  quality  could  not  be  detected  at 
the  strearaflow-gaging  station  located  at  the  mouth  of  the  basin  (site  21). 

An  analysis  of  increase  in  runoff  was  made  for  each  drainage  basin 
listed  in  table  18.  A  29-percent  increase  in  runoff  was  assumed  for  all 
projected  maximum  disturbed  areas.  A  weighted  mean  runoff  value  of 
0.185  in.  was  computed  using  the  runoff  data  listed  in  table  15.  The  runoff 
data  were  weighted  using  drainage  area.  The  mean  runoff  value  was  used  to 
compute  increases  in  runoff  and  percentage  changes  in  runoff  for  each  of  the 
drainage  basins.  The  following  equations  were  used  to  compute  the  increase 
in  runoff: 


and 


IR 


(PISA  »  0.185  *  1.29)  +  ( (DA-DISA)  »  0.185) 

DA 


-0.185 


(11) 


PCR  =  (CIR/0.185)  11  100 


(12) 


where  IR  =  increase  in  runoff,  in  inches; 

DISA  =  disturbed  area,  in  square  miles; 

DA  =  drainage  area,  in  square  miles;  and 
PCR  =  change  in  runoff,  in  percent. 


For  each  drainage  basin,  the  computed  increase  in  runoff  and  the  percentage 
change  in  runoff  is  listed  in  table  18.  The  percentage  change  in  runoff  for 
all  of  the  basins  would  be  less  than  5  percent,  which  is  less  than  the 
accuracy  of  most  streamflow  records  (Druse  and  others,  1987,  p.  15). 

Runoff  from  Coal  Creek,  which  occurred  on  May  27  and  28,  1981,  was  used 
to  demonstrate  the  effect  that  the  projected  maximum  disturbed  area  in  the 
Coal  Creek  basin  would  have  on  runoff  from  an  individual  storm.  The  data 
used  in  the  analysis  were  collected  at  the  streamflow-gaging  station,  Coal 
Creek  near  Piney  (site  25),  which  has  a  drainage  area  of  71.6  mi2.  The  peak 
discharge  was  1,170  ft3/s,  and  the  volume  was  512  acre-ft.  The  increase  in 
flow  due  to  the  disturbed  area  was  computed  as  4.5  percent.  Because  flow 
data  are  not  available  at  the  mouth  of  Coal  Creek,  the  analysis  was  done  on 
data  collected  at  the  streamflow-gaging  station. 


Ill 


The  analysis  was  accomplished  in  two  steps.  First,  a  mean 
dimensionless  hydrograph  (Craig  and  Rankl,  1978,  p.  44-55)  was  used  to 
produce  a  synthetic  hydrograph.  The  synthetic  hydrograph  was  nearly 
identical  to  the  hydrograph  of  flow  in  Coal  Creek  except  that  the  synthetic 
hydrograph  was  offset  by  1  hour  (fig.  38-A).  Second,  the  volume  of  runoff 
was  increased  by  4.5  percent,  from  512  acre-ft  to  535  acre-ft.  The 
increased  value  of  runoff  was  used  to  compute  a  new  synthetic  hydrograph. 
The  two  synthetic  hydrographs  are  compared  in  figure  38-B.  The  peak 
discharge  of  1,170  ft3/s  was  used  to  compute  both  synthetic  hydrographs. 

The  Coal  Creek  drainage  basin  has  the  largest  percentage  of  projected 
maximum  areas  to  be  disturbed  by  existing  and  proposed  mining  in  the  study 
area;  therefore,  changes  in  flow  for  individual  storms  for  other  basins  in 
the  study  area  would  not  be  discernable. 

Selected  Coal  Tracts  and  areas  with  Preference  Right  Lease  Applications 
(pi.  1)  were  digitized  and  added  to  the  projected  maximum  disturbed  areas 
(pi.  4)  for  each  of  the  drainage  basins  listed  in  table  18.  Because  mine 
plans  were  not  available  for  the  Selected  Coal  Tracts  and  the  Preference 
Right  Lease  Applications  areas  shown  on  plate  1,  the  areas  were  considered 
disturbed.  All  of  the  disturbed  areas  were  summed  to  determine  a  worst-case 
condition  for  the  computation  of  runoff.  A  29-percent  increase  in  runoff 
was  assumed  for  disturbed  areas  for  all  anticipated  mining  without  the 
increased  runoff  decreasing  to  premining  rates.  The  equations  used  to 
compute  increases  in  runoff  for  the  projected  maximum  areas  disturbed  by 
existing  and  proposed  mines  were  used  for  the  worst-case  study.  The  results 
of  the  worst-case  surface-water  analyses  for  disturbed  areas  for  all 
anticipated  mining  are  presented  in  table  19. 

Runoff  in  two  drainage  basins,  Coal  Creek  and  Little  Thunder  Creek, 
would  increase  by  more  than  5  percent  for  the  worst-case  analysis.  If  data 
were  available  to  compute  a  6-year  recovery  of  infiltration  rates  for  the 
entire  disturbed  area,  all  increases  in  runoff  would  be  less  than  5  percent. 


Streamflow  Quality 

The  possible  impacts  of  mining  on  the  streamflow  quality  in  the  eastern 
Powder  River  basin  was  assessed  by  Bloyd  and  others  (1986,  p.  33-41)  using  a 
computer  model  of  the  Belle  Fourche  River  basin.  Impacts  of  surface  mining 
on  streamflow  quality  in  other  basins  will  depend  on  climate,  geologic  and 
soil  characteristics,  vegetation,  and  streamflow,  and  those  impacts  may, 
therefore,  be  different  in  other  basins  than  in  Belle  Fourche.  After 
calibration  and  verification,  the  model  was  used  to  calculate  the  changes  in 
dissolved-solids  and  sulfate  concentrations  that  might  result  from  mining. 
Two  sets  of  measured  and  estimated  rainfall  and  evaporation  data  were  used 
for  the  modeling.  The  first  set  of  data  was  for  May  and  June  1980,  a  period 
of  slightly  less  than  average  rainfall  (rainfall  A),  and  second  set  of  data 
was  for  May  and  June  1982,  a  period  of  greater  than  average  rainfall 
(rainfall  B).  Increases  in  average  dissolved-solids  and  sulfate 
concentrations  using  rainfall  A  ranged  from  1  to  7  percent  from  premining  to 
postmining  conditions.  The  simulated  dissolved-solids  and  sulfate 
concentrations  for  flows  exceeding  1.0  ft3/s  decreased  by  as  much  as 
49  percent  from  premining  to  postmining  conditions  using  rainfall  B. 
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DISCHARGE,  IN  CUBIC  FEET  PER  SECOND 
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Figure  38. — Analysis  of  runoff  and  change  in  runoff  for  storm  of 
May  27-28,  1981,  Coal  Creek  near  Piney. 
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Table  19. — Projected  maximum  areas  of  drainage  basins  to  be  disturbed  during 
all  anticipated  mining  and  Increases  in  runoff  In  major  drainage  basins 


Drainage 

basin 

number 

fig.  33) 

Drainage  basin 

Drainage 

area 

(square 

miles) 

Projected  max¬ 
imum  area  of 
drainage  basin 
to  be  disturbed 
by  mining 
(square  miles) 

Percentage 
of  drainage 
area  to  be 
disturbed 
by  mining 

Increase  in  runoff 
resulting  from 
areas  disturbed 
by  mining 

Inches  Percent 

I 

Little  Powder  River 
above  Dry  Creek, 
near  Weston’  2 

1,235 

72.4 

6.3 

0.0032 

1.8 

III 

Rawhide  Creek  at 
confluence  with 

Little  Powder  River 

120 

14.3 

11.9 

.0064 

3.5 

IV 

Donkey  Creek  near 
Moorcroft 1 

246 

12.4 

5.0 

.0027 

1.5 

V 

Belle  Fourche  River 
below  Moorcroft’  3 * 

1,670 

82.9 

5.0 

.0027 

1.4 

VI 

Caballo  Creek  at 

Mouth,  near  Piney’ 

260 

31.9 

12.3 

.0066 

3.6 

VII 

Coal  Creek  at 
confluence  with 

Belle  Fourche  River 

74.7 

19.6 

26.2 

.0141 

7.6 

VIII 

Black  Thunder  Creek  at 
confluence  with 

Little  Thunder  Creek 

217 

13.1 

6.0 

.0032 

1.8 

IX 

Little  Thunder  Creek 
near  Hampshire’ 

234 

42.6 

18.2 

.0098 

5.3 

X 

Black  Thunder  Creek 
near  Hampshire’  * 

535 

55.7 

10.4 

.0056 

3.0 

XI 

Porcupine  Creek 
at  confluence  with 
Antelope  Creek 

139 

15.9 

11.4 

.0061 

3.3 

XII 

Antelope  Creek 
near  Teckla’  5 

959 

39.4 

4.1 

.0022 

1 .2 

XIII 

Cheyenne  River  near 

Dull  Center’  6 

1,527 

41.7 

2.7 

.0015 

.8 

’  Drainage  area  upstream  from  streamflow-gaging  station 

2  Includes  the  drainage  and  disturbed  areas  of  Rawhide  Creek 

3  Includes  the  drainage  and  disturbed  areas  of  Donkey  Creek,  Coal  Creek  and  Caballo  Creek 

"  Includes  the  drainage  and  disturbed  areas  of  Little  Thunder  Creek 

*  Includes  the  drainage  and  disturbed  areas  of  Porcupine  Creek 

*  Includes  the  drainage  and  disturbed  areas  of  Porcupine  and  Antelope  Creek 
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Sediment  Yield 


Erosion  studies  at  small  soil  plots  were  conducted  in  conjunction  with 
the  rainfall-simulator  tests.  Sediment  detached  by  raindrop  impact  and 
washed  from  soil  surfaces  was  collected  at  the  downstream  end  of  each  soil 
plot.  The  sediment  was  dried  and  weighed  to  determine  the  yield  from  each 
plot.  The  data  were  converted  to  standard  units,  tons  per  square  mile,  in 
order  to  compare  the  results  with  different  studies.  The  sediment-yield 
data  are  listed  in  table  20.  A  trend  in  the  percentage  difference  in 
sediment  yield  for  natural  soil  plots  and  reclaimed  soil  plots  was  not 
identified.  The  data  indicate  a  six-fold  decrease  in  sediment  yield  for 
reclaimed-soil  plots  between  1979  and  1983,  but  the  natural-soil  plots  also 
had  a  five-fold  decrease  during  the  same  period.  Because  of  the  variability 
of  the  data,  a  conclusion  on  the  decrease  in  sediment  yield  for  reclaimed- 
soil  plots  cannot  be  made. 

Sediment  yield  from  plots  located  on  reclaimed  soil  was,  on  the 
average,  436  percent  larger  than  sediment  yield  from  plots  on  comparative 
natural  soil.  The  sediment  yields  from  the  plots  located  on  reclaimed  soil 
were  greater  because  of:  (1)  Steeper  land  slopes  at  the  plots  with 
reclaimed  soil  than  at  the  plots  with  natural  soil,  (2)  increased  runoff 
from  the  reclaimed-soil  plots  due  to  slower  infiltration  rates,  (3)  lesser 
density  of  root  development  in  the  reclaimed-soil  plots,  and  (4)  lack  of  a 
well-developed  soil  profile  in  the  reclaimed-soil  plots,  resulting  in  a  loss 
of  soil  cohesiveness.  Detailed  data  on  slopes  and  vegetation  cover  of  the 
soil  plots  were  not  available  for  the  1979,  1981,  1983  studies,  but 
information  was  available  for  the  studies  conducted  in  1984.  The  slope  and 
vegetation  data  for  1984  was  considered  a  representative  sample  for  the 
studies  at  the  Belle  Ayr  Mine.  The  average  slope  for  the  reclaimed-soil 
plots  was  12.9  percent  and  for  the  natural-soil  plots  it  was  9.4  percent. 
The  reclaimed-soil  plots  had  a  68-percent  cover  of  litter,  grass,  forbs,  and 
shrubs,  and  the  natural-soil  plots  had  a  95-percent  cover.  Particle-size 
analyses  were  not  made  for  samples  collected  from  the  soil  plots;  therefore, 
the  information  needed  to  determine  the  type  and  source  of  sediment  is  not 
available . 

Larger  sediment  yields  probably  will  not  be  conveyed  to  the  mouth  of 
drainage  basins  listed  in  table  18  because  of:  (1)  Sediment  deposition 
occurring  before  runoff  reaches  the  stream  channel  in  areas  where  land- 
surface  slopes  decrease  from  hillside  to  stream  channel,  and  (2)  sediment 
deposition  in  settling  ponds.  A  study  of  sediment  sources  and  drainage- 
basin  characteristics  in  eastern  Wyoming  determined  that  "Upland  sediment 
yields  cannot  be  used  directly  to  determine  sediment  yield  of  larger  basins, 
because  with  increased  size  of  drainage  basins,  runoff  and  sediment  rates 
decrease"  (Hadley  and  Schumm,  1961,  p.  137).  They  used  99  measurements  to 
develop  a  relation  between  sediment  accumulation  in  reservoirs  and  drainage 
area  (fig.  39).  The  sediment  yield  for  a  0.034-mi2  drainage  area  was  10 
times  greater  than  the  sediment  yield  for  a  1.6-mi2  drainage  area; 
therefore,  very  little  of  the  sediment  measured  at  the  soil  plots  will  be 
conveyed  to  the  major  drainages.  The  small  percentage  of  disturbed  area  in 
relation  to  undisturbed  area  in  the  drainage  basins  and  the  decrease  in 
sediment  conveyed  to  the  main  stream  channels  will  result  in  a  minor  impact 
by  sediment  on  the  major  drainage  basins  in  the  study  area. 
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Table  20. — Erosion  rates  for  natural  and  reclaimed  soils 


[DJ,  Dave  Johnson  Mine;  BH,  Big  Horn  Mine;  BA,  Belle  Ayr  Mine] 


Year  and 
location 
of  test 

Soil 

category 

Natural 
Sediment 
yield  (tons 
per  square 
mile) 

soil 

Number 

of 

plots 

Reclaimed 
Sediment 
yield  (tons 
per  square 
mile) 

soil 

Number 

of 

plots 

Increase  in 
sediment 
yield 
(percent) 

1976-DJ 1 

Undefined 

283 

1 

1 ,200 

1 

324 

1976-BH 1 

Undefined 

39.7 

1 

2,437 

1 

6,039 

1979-BA2 

Heavy 

133 

10 

497 

10 

274 

1979-BA2 

Medium 

20.9 

10 

400 

10 

1,814 

1979-BA2 

Light 

31.3 

10 

359 

10 

1,047 

1 98 1 —BA 2 

Heavy 

61.5 

10 

132 

10 

115 

1 98 1 —BA 2 

Medium 

16.6 

10 

98.4 

10 

493 

1 98 1 —BA 2 

Light 

24.6 

10 

84.8 

10 

245 

1983-BA2 

Heavy 

30. 1 

10 

100 

10 

232 

1983-BA2 

Medium 

6.1 

10 

77.5 

10 

1,170 

481 

1983-BA2 

Light 

3.7 

10 

21.5 

10 

1984-BA3 

Undifferentiated 

76.8 

30 

344 

30 

348 

Average 

(weighted) 

48.4 

260 

436 

1  From  Lusby  and  Toy  (1976,  p.  381) 

2  From  Gifford  (1983) 

3  From  Hutten  and  Gifford  (1984,  p.  26-27) 
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Water  Rights 


At  the  root  of  Wyoming  water  law  is  the  protection  of  prior 
appropr  ia  tor s  .  Applications  for  stream-related  developments  such  as 
sedimentation  reservoirs  or  diversions  are  required  by  law  to  be  filed  with 
the  Wyoming  State  Engineer,  who  reviews  how  such  developments  may  affect 
downstream  water  users  (Frank  Trelease,  III,  Assistant  Wyoming  State 
Engineer,  written  commun.,  1987).  As  shown  on  plate  5,  most  water  rights  in 
the  lease  areas  have  been  permitted  for  coal-mining  companies  to  construct 
sediment  ponds.  Several  stock  reservoirs  and  ditches  are  permitted  on  the 
lease  areas;  however,  if  they  are  physically  destroyed,  the  appropr iators 
are  protected  by  law  and  proper  restitution  or  compensation  must  be  made, 
within  legal  constraints,  to  the  owner’s  satisfaction.  Likewise,  water 
rights  downstream  from  the  mined  areas  are  protected  from  a  decrease  in 
runoff  due  to  mining  activities. 


0.03  0.05  0.1  0.5  I  3 


DRAINAGE  AREA,  IN  SQUARE  MILES 


Figure  39. — Relation  between  sediment  accumulation  in 
reservoirs  and  drainage  area,  upper  Cheyenne  River 
basin  (from  Hadley  and  Schumm,  1961,  p.  163). 
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If  affected  by  mining  developments,  such  as  reservoir  storage  or  diver¬ 
sion  of  flow,  downstream  appropriators  having  prior  water  rights  can  request 
release  of  water  from  the  coal-mining  facilities.  All  permits  granted  to 
coal-mining  companies  for  stream-related  developments,  such  as  sedimentation 
ponds,  include  the  State  Engineer's  conditions  requiring  a  means  of  releas¬ 
ing  water  for  downstream  appropriators,  after  the  water-quality  standards 
are  met  by  the  settling  of  suspended  sediment  in  the  ponds. 

Because  prior  water  appropriators  are  protected  by  law,  no  significant 
cumulative  impacts  are  expected  to  occur  due  to  mining  of  either  existing 
permitted  areas  or  of  areas  of  all  anticipated  mining. 


STABILITY  OF  RECLAIMED  DRAINAGES 

Surface  coal  mining  disturbs  large  areas  of  the  land  surface.  About 
135  mi2  of  the  land  surface  currently  (  1987)  are  projected  to  be  disturbed 
and  subsequently  reclaimed  by  existing  and  proposed  mines  in  the  study  area; 
as  much  as  253  mi2  potentially  could  be  disturbed  by  all  anticipated  mining 
in  the  study  area. 

Flowing  water  is  the  major  natural  force  affecting  reclaimed  areas. 
Because  streams  are  prone  to  erode  and  transport  sediment,  the  disturbance 
of  large  land  areas  has  the  potential  to  impact  natural  channel  stability 
some  distance  upstream  or  downstream  from  mining  as  well  as  locally. 
Undesirable  modifications  of  drainage  networks  may  result  in  increases  in 
erosion  and  sedimentation.  Increased  rates  of  erosion  and  sedimentation  can 
be  detrimental  to  reclaimed  areas,  adjacent  areas,  and  downstream  water 
quality. 

The  design  of  stable  drainage  basins  for  postmining  areas  is  critical 
to  the  type  and  degree  of  use  the  land  may  support  after  reclamation. 
According  to  Bishop  (1980,  p.  249),  the  more  closely  postmining  topography 
can  be  restored  to  surrounding  natural  conditions  and  approximate  original 
contours,  the  greater  the  likelihood  of  stable  drainage  networks  and 
successful  reclamation.  Natural  drainage  networks  and  stream  channels  have 
evolved  during  long  periods,  and,  thus,  are  considered  to  be  in  equilibrium 
with  the  climatic  and  physical  conditions  of  their  basins.  In  referring  to 
natural  landscapes  and  stream  channels,  the  term  "stability"  means  "dynamic 
stability."  Basin  surfaces  and  channels  are  in  a  continuous  state  of 
evolution  as  they  are  subjected  to  forces  such  as  tectonism,  climate,  and 
runoff,  and  use  by  humans  and  animals. 


Regulatory  Considerations 

The  restoration  of  mined  land  to  its  approximate  original  contour  is  a 
requirement  of  the  Surface  Mining  Control  and  Reclamation  Act  of  1977. 
However,  the  relatively  thick  coal  beds  and  small  overburden-to-coal  ratio 
in  the  study  area  prevent  restoring  the  landscape  to  its  former  elevation 
(Keefer  and  Hadley,  1976,  p.  15-20).  As  discussed  by  Toy  and  Hadley  (1987, 
p.  276),  it  generally  is  agreed  that  "approximate  original  contour,"  as 
required  by  law,  means  that  the  shape  of  the  land  after  mining  should  be 
about  the  same  as  it  was  before,  but  not  necessarily  at  the  same  elevation. 
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In  addition  to  the  requirement  that  coal-mining  companies  restore  the 
approximate  original  contour  of  the  land  after  mining,  the  Surface  Mining 
Control  and  Reclamation  Act  of  1977  also  requires  that  spoil  materials 
"...be  shaped  and  graded  in  such  a  way  as  to  prevent  slides,  erosion,  and 
water  pollution..."  and  that  "adequate  drainage"  be  provided.  The  Act 
basically  requires  that  procedures  during  mining  and  reclamation  minimize 
the  contribution  of  suspended  materials  to  areas  outside  the  lease 
boundaries,  control  rilling  and  gullying,  and  minimize  disturbance  to  the 
prevailing  hydrologic  balance.  Surface  coal  mines  currently  (1987)  in 
operation  in  the  study  area  are  exempt  from  the  strict  requirement  of 
restoring  the  land  to  the  "approximate  original  contour"  because  they  are 
classified  as  having  "thin  overburden."  This  classification  is  applied  when 
the  thickness  of  the  coal  is  large  relative  to  the  overburden.  Adequate 
drainage  is  still  required,  but  the  reclaimed  landscape  can  be  more  subdued 
than  it  was  before  mining. 

The  Wyoming  Environmental  Quality  Act  (Wyoming  State  Legislature,  1973) 
requires  that  operators  of  surface  coal  mines  provide  a  plan  to  minimize 
disturbances  to  the  prevailing  hydrologic  balance  at  the  mine  site  and  in 
adjacent  areas,  and  to  protect  the  quantity  and  quality  of  water  in  ground- 
and  surface-water  systems  during  and  after  mining.  Guidelines  prepared  by 
the  Wyoming  Department  of  Environmental  Quality  (1980b)  recommend  that  coal¬ 
mining  companies  measure  various  basin  and  channel  characteristics  to  aid  in 
the  reclamation  of  surface-drainage  systems.  Mine  plans  on  file  with  the 
Wyoming  Department  of  Environmental  Quality  contain  these  data  and  also 
document  the  procedures  used  or  planned  for  re-construction  of  stream 
channels  and  drainage  networks.  In  addition,  numerous  studies  and 
guidelines  for  design  criteria  have  been  made  by  hydrologists  working  with 
the  coal-mining  companies  and  State  and  Federal  agencies.  (See  for  example: 
articles  by  Bergstrom  (1985),  Harvey  and  others  (1985),  and  Kearney  (1985), 
published  in  proceedings  of  the  "Second  Hydrology  Symposium  on  Surface  Coal 
Mining  in  the  Northern  Great  Plains;"  Knutson  (1982),  Lidstone  (1982),  and 
Tarquin  and  Baeder  (1982),  published  in  proceedings  of  the  "Hydrology 
Symposium  on  Surface  Coal  Mines  in  the  Powder  River  Basin;"  and  Divis  and 
Tarquin  (1981)). 


Method  of  Impact  Analysis 

The  evaluation  of  whether  a  re-constructed  landscape  will  be  stable  in 
relation  to  the  prevailing  hydrologic  balance  is  a  difficult  task, 
especially  for  semiarid  and  arid  regions.  As  noted  by  Lidstone  (1982, 
p.  44),  "The  long-term  stability  of  a  landscape  is  difficult  to  quantify  on 
a  site-specific  basis  and  virtually  impossible  to  quantify  on  a  regional 
basis."  Runoff,  which  is  the  major  natural  force  affecting  the  landscape  in 
the  semiarid  study  area,  may  be  infrequent,  especially  within  small  basins. 
For  basins  of  only  several  square  miles  or  less,  it  is  common  to  have 
periods  of  1  year  or  more  between  substantial  runoff.  The  adjustment  of  a 
re-constructed  drainage  basin  that  is  incipiently  unstable  may  not  be 
noticeable  until  several  large  flows  have  occurred,  which  could  take  several 
tens  of  years.  Although  readily  visible  responses  such  as  rilling  and 
gullying  may  occur  rapidly  where  all  or  part  of  the  basin  is  unstable,  it 
also  is  possible  that  only  a  gradual  response  would  take  place  during 
several  or  more  years  until  substantial  runoff  occurs.  It  is  practically 
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impossible  even  for  an  expert  to  look  at  a  stream  channel  and  tell  whether 
the  channel  is  presently  in  a  period  of  gradual  aggradation  or  gradual 
degradation  (Leopold,  1962,  p.  3-4). 

Quantifying  the  degree  of  stability  and  subsequent  impact  of 
re-constructed  basins  on  the  regional  landscape  and  sediment  yield  is  a 
difficult  task;  however,  investigators  have  used  geomorphic  analyses 
successfully  to  assess  changes  and  assist  with  design  of  stream-related 
developments.  For  example,  Patton  and  Schumm  (  1975)  quantified  a  relation 
between  valley-floor  slope  and  drainage  area  for  small  drainage  basins  in 
the  Piceance  Creek  area  of  Colorado,  whereby  a  threshold  slope  was 
identified  above  which  trenching  or  valley  instability  would  occur.  Dunne 
and  Leopold  (  1978,  p.  22-28)  described  the  use  of  geomorphology  and 
hydrology  for  land-use  planning  of  the  valley  associated  with  the  mobile 
channel  of  the  Yakima  River  near  Yakima,  Washington.  Lowham  and  others 
(1982,  p.  40-45)  examined  severe  gullying  in  the  Salt  Creek  basin  near  Rock 
Springs,  Wyo.,  and  determined  the  causes  and  approximate  period  of 
occurrence . 

The  drainage  basin  is  the  unit  most  basic  to  reclamation  of  the 
relatively  large  areas  being  mined.  The  assessment  of  impacts  of  fluvial 
processes  on  landscape  stability,  therefore,  was  made  by  comparing 
fundamental  geomorphic  relations  for  natural  or  premining  basins  in  the  area 
to  characteristics  described  for  the  planned  postmining  basins.  In 
addition,  final  reclamation  plans  for  active  mines  were  reviewed  and 
reclaimed  areas  were  inspected.  Steps  in  the  procedure  to  analyze  the 
stability  of  reclaimed  drainages  and  to  determine  cumulative  impacts  of  the 
mining  and  reclamation  on  regional  stability  and  sedimentation  are  described 
below : 

1.  Characteristics  important  to  the  stability  of  drainage  basins 
and  stream  channels  were  measured  for  a  representative  sample 
of  natural  drainage  networks  in  or  near  the  study  area.  These 
data  were  then  analyzed  to  determine  the  range  and  average  for 
each  characteristic,  and  fundamental  relations  between  the 
characteristics  were  examined  and  developed. 

2.  Characteristics  of  the  drainage  basins  and  stream  channels  for 
a  representative  sample  of  areas  planned  for  reclamation  were 
measured  from  maps  of  postmining  topography  prepared  by  the 
coal-mining  companies  as  part  of  their  final  reclamation 
plans.  Those  characteristics  most  important  to  basin  and 
channel  stability  were  compared  with  those  for  the  natural 
basins. 

3.  A  review  was  made  of  the  methods  used  in  the  design  of 
re-constructed  drainage  networks  and  stream  channels. 

4.  The  stability  of  currently  (  1987)  reclaimed  hillslopes  and 
stream  channels  was  examined  during  visits  to  several  mines 
having  areas  that  have  been  mined  and  reclaimed. 
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The  use  of  geomorphic  relations  derived  from  natural  basins  to 
determine  the  expected  impact  of  re-constructed  basins  is  based  on  the 
assumption  that  the  natural  basins  currently  are  stable.  A  measure  of  basic 
geomorphic  processes  in  relation  to  the  prevailing  hydrologic  balance  in 
drainage  basins  in  the  semiarid  and  arid  regions  of  the  western  United 
States  for  a  long  period  was  implemented  in  1962  through  the  Vigil  Network 
(Leopold,  1962),  whereby  representative  ephemeral  draws,  gullies,  and  stream 
channels  were  selected  and  instrumented  to  measure  channel  changes  with 
time.  Instrumentation  of  small  tributaries  was  done  with  the  intent  of 
measuring  changes  resulting  from  climatic  variation  as  well  as  those 
resulting  from  human  activities. 

From  measurements  made  at  eight  Vigil  Network  sites  in  the  semiarid  and 
arid  western  United  States,  including  several  sites  in  the  vicinity  of  the 
study  area,  Emmett  (1974,  p.  53-54)  concludes  that  the  valley  trenching  that 
began  in  about  1880  has  now  decreased,  and  that  stream  channels  are  stable 
or  aggrading.  Observations  of  stream  channels  in  the  study  area  since  the 
1960's  by  one  of  the  authors  of  this  report,  H.W.  Lowham,  support  the 
conclusion  that  the  fluvial  system  currently  (1987)  is  stable.  Although 
some  gullying  and  headcutting  is  occurring,  the  processes  appear  to  be 
related  to  natural  rejuvenation  of  the  basins  and  generally  are  of  a  local 
nature.  For  example,  a  discontinuous  gully  west  of  Gillette,  which  is 
typical  of  drainages  in  the  area,  with  local  changes  such  as  small,  slowly 
advancing  headcuts  developing  as  part  of  a  naturally  changing  landscape  is 
shown  in  figure  40. 


Figure  40. — Example  of  discontinuous  gully  with  slowly 
advancing  headcuts  as  part  of  a  naturally  changing 
landscape. 
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Characteristics  of  Natural  Drainage  Basins 


A  drainage  basin  is  composed  of  two  basic  features:  (1)  A  drainage 
network,  and  (2)  hillslope  and  valley  areas  between  stream  channels.  Stream 
channels  and  hillslopes  are  interrelated  because  what  happens  on  the 
interfluve  areas  between  streams  has  a  dominant  effect  on  the  character  of 
streams  and  on  the  hydrology  of  the  basin  (Chorley  and  others,  1984, 
p.  258).  The  stream-channel  network  of  a  drainage  basin  is  defined  as  the 
number  and  form  of  all  streams  in  the  basin.  When  surface  geology  is  fairly 
uniform,  the  network  of  stream  channels  develops  in  a  dendritic  pattern,  as 
is  shown  by  the  example  drainage  basin  in  figure  41.  Drainage  networks  of 
the  study  area  generally  are  dendritic,  although  erosion-resistant  outcrops, 
different  lithologies,  and  geologic  structures  such  as  joints  or  faults 
occasionally  may  affect  the  orientation  of  the  streams. 

A  quantitative  description  of  drainage  networks  in  the  study  area  was 
made  using  a  method  commonly  referred  to  as  the  Horton  analysis  (Horton, 
1945).  The  fundamental  aspect  of  the  Horton  analysis  is  the  relation  of 
certain  physical  characteristics,  such  as  drainage  area,  stream  number,  and 
stream  length,  to  stream  order.  Stream  order  is  defined  as  the  position  of 
a  stream  within  a  drainage  network  (fig.  41).  The  ordering  system  described 
by  Strahler  (1957,  p.  914)  was  used  in  this  analysis.  The  smallest  stream 
channels  of  the  network  are  unbranched  tributaries,  which  are  designated  as 
first-order  streams.  When  two  first-order  streams  join,  the  resulting 
stream  channel  is  a  second-order  stream.  Third-order  streams  receive  two  or 
more  tributaries  of  the  second  order,  but  also  may  receive  first-order 
streams,  and  so  on.  In  this  system,  the  main  stream  has  the  highest  order. 
The  order  of  the  main  stream  describes  the  order  of  the  drainage  basin. 

Stream  order  generally  is  determined  by  examining  the  drainage  network 
of  a  basin  on  topographic  maps.  The  map  scale  limits  the  size  of  the 
smallest  stream  that  may  be  recognized.  To  include  the  smallest  rills 
evident  in  the  drainage  basin  in  stream  ordering,  several  orders  of  streams 
may  have  to  be  added  to  the  smallest  streams  shown  on  1 :24 , 000-scale 
topographic  maps  (Leopold  and  Miller,  1956,  p.  16).  However,  the  inclusion 
of  small  rills  in  a  drainage-net  analysis  is  useful  for  only  special 
studies.  For  most  purposes,  one  may  restrict  consideration  only  to  the 
drainage  network  appearing  on  1 : 24 ,000-scale  topographic  maps  (Leopold  and 
others,  1964,  p.  141). 

A  visit  of  drainage  basins  and  stream  channels  in  the  study  area  was 
made  by  H.W.  Lowham,  who  compared  features  observed  in  the  field  with  those 
depicted  on  the  topographic  maps.  The  comparison  indicated  that  rills,  some 
swales,  and  some  small  stream  channels  are  not  shown  on  the  maps;  however, 
the  drainage  network  and  physical  features  shown  by  1  : 2 4 , 000-scale 
topographic  maps  are  considered  adequate  to  define  the  fundamental  aspects 
of  basin  stability. 


122 


Figure  41. — Sketch  of  a  drainage  network  with  a  dendritic 
pattern  in  a  third-order  drainage  basin  showing  first-, 
second-,  and  third-order  streams. 
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Data  Used  in  Study 


A  sample  of  102  first-  or  higher-order  drainage  basins  was  selected  for 
determining  the  physical  characteristics  of  drainage  networks  in  the  study 
area.  The  selected  drainage  basins  are  natural  with  insignificant  controls 
or  impacts  from  human  activities.  All  of  the  drainage  basins  are  located 
within  the  study  area.  The  drainage  basins  were  randomly  selected  using  a 
mathematical  procedure  in  conjunction  with  a  grid  overlay  for  topographic 
maps  of  the  study  area.  The  drainage  basins  were  selected  using  the 
following  procedure.  The  coal-permit  areas  were  plotted  on  twenty-five 
1 : 24 , 000-scale  topographic  maps.  An  overlay  grid,  exactly  the  size  of  one 
map,  was  divided  into  150  rectangles  of  equal  area.  A  mathematical 
procedure  was  used  to  generate  a  random  grid  number,  and  51  drainage  basins 
(fig.  42)  located  in  the  randomly  selected  grids  were  delineated  for 
analysis.  Due  to  the  size  of  the  grid,  only  second-  or  higher-order  basins 
were  selected  using  this  process.  A  subset  of  51  first-order  basins  was 
then  selected  from  the  larger  basins,  using  a  random  process  to  select 
1  first-order  basin  from  each  of  the  larger  basins. 

Twenty-one  physical  characteristics  were  measured  for  each  of  the  51 
second-  or  higher-order  drainage  basins  using  a  computerized  digitizer.  A 
description  of  each  of  the  characteristics  is  given  in  table  21;  the  values 
measured  for  each  of  the  51  drainage  basins  are  given  in  table  22. 

Due  to  limitations  of  the  map  scale,  some  of  the  characteristics 
measured  for  the  second-  or  higher-order  drainage  basins  could  not  be 
accurately  measured  for  the  smaller  first-order  drainage  basins.  The 
characteristics  measured  for  the  first-order  drainage  basins  are  identified 
in  table  21;  the  values  are  listed  in  table  23. 

A  statistical  summary  of  the  values  of  the  physical  characteristics  is 
given  in  tables  24-27  for  each  of  the  drainage  basin  orders.  The  tables 
list  the  minimum  and  maximum  values  measured,  the  arithmetic  mean,  the 
geometric  mean,  and  the  standard  deviation  of  the  sample.  The  arithmetic 
and  geometric  means  for  each  of  the  characteristics  indicate  the  expected 
average  magnitudes.  The  geometric  mean,  which  is  computed  using  logarithms 
of  the  values,  generally  is  considered  a  more  representative  descriptor  of 
the  first  moment  of  distributions  in  hydrology  than  the  arithmetic  mean, 
because  the  distributions  usually  are  asymmetrical. 

Measurements  for  a  large  sample  of  drainage  basins  within  the  eastern 
Powder  River  basin  were  used  in  the  analysis.  Similar  data  concerning  the 
physical  characteristics  have  been  collected  by  the  coal-mining  companies 
for  local  areas.  The  data  and  relations  determined  by  the  coal-mining 
companies  may  vary  from  those  of  this  study,  depending  on  the  scale  of  maps 
or  aerial  photographs  used,  the  number  of  drainage  basins  sampled,  and  the 
local  relief. 

The  physical  characteristics  of  drainage  networks  commonly  are 
interrelated.  For  example,  as  drainage  area  increases,  the  number  of  stream 
channels  and  the  order  of  the  main  stream  channel  also  increase.  To 
determine  those  variables  for  which  significant  interrelations  might  exist, 
a  correlation  analysis  was  made.  Results  of  this  analysis  are  given  in 
table  28. 
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40  KILOMETERS 


EXPLANATION 

DRAINAGE  BASIN 


Figure  42. — Location  of  drainage  basins  used  to 
determine  physical  characteristics. 
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Table  21. — Characteristics  measured  in  drainage-basin-stability  analysis 


[",  indicates  characteristics  measured  for  first-order  basins] 


Characteristic 


Explanation  of  characteristic 


"Drainage  area 


Number  of  first- 
order  channels 

Number  of  second- 
order  channels 

Number  of  third- 
order  channels 

Number  of  fourth- 
order  channels 

Length  of  first- 
order  channels 

Length  of  second- 
order  channels 

Length  of  third- 
order  channels 

Length  of  fourth- 
order  channels 


The  area,  measured  in  a  horizontal  plane,  from  which  direct  surface 
runoff  from  precipitation  normally  drains  into  the  stream  channel 
upstream  from  the  specified  point,  in  square  miles. 


Total  number  of  stream  channels  in  the  drainage  basin  that  are 
classified  as  first  order. 

Total  number  of  stream  channels  in  the  drainage  basin  that  are 
classified  as  second  order. 


Total  number  of  stream  channels  in  the  drainage  basin  that  are 
classified  as  third  order. 

Total  number  of  stream  channels  in  the  drainage  basin  that  are 
classified  as  fourth  order. 

Summation  of  lengths  of  all  stream  channels  classified  as  first 
order,  in  miles. 

Summation  of  lengths  of  all  stream  channels  classified  as  second 
order,  in  miles. 

Summation  of  lengths  of  all  stream  channels  classified  as  third 
order,  in  miles. 

Summation  of  lengths  of  all  stream  channels  classified  as  fourth 
order,  in  miles. 


"Basin  length  Straight-line  distance  across  the  drainage  basin  from  the  point 

on  the  drainage  divide  nearest  the  head  of  the  dominant  channel 
to  the  basin  mouth,  in  miles. 


"Basin  perimeter  Perimeter  of  the  drainage  basin,  in  miles. 


Basin  width  Representative  width  of  the  drainage  basin,  generally  measured  at 

about  the  midpoint  of  the  basin,  in  miles. 


"Valley  length  Length  of  the  valley  along  the  dominant  stream  channel,  in  miles. 

"Channel  length  Length  of  the  dominant  stream  channel  measured  using  the  blue 

streamline  shown  on  a  1 :24 ,000-scale  topographic  map,  in  miles. 

"Basin  relief  Difference  in  elevation  between  the  point  on  the  drainage  divide 

nearest  the  head  of  the  dominant  stream  channel  and  the  basin 
mouth,  in  feet. 
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Table  21. — Characteristics  measured  in  drainage-basin-stability  analysis — Continued 


Characteristic 

Explanation  of  characteristic 

•Used  relief 

Difference  in  elevation  between  two  points  on  the  stream  channel, 
channel,  in  feet.  For  the  first-order  basins,  the  points  were 
selected  at  each  end  of  the  blue  streamline  shown  on  a  1:24, 000- 
scale  topographic  map.  For  the  second-  and  higher-order  basins, 
the  points  were  selected  at  15  and  85  percent  of  the  dominant 
stream  channel  length. 

•Channel  slope 

Used  relief  divided  by  the  length  of  stream  channel  between  the 
points  identified  in  used  relief,  in  foot  per  foot.  This  depicts 
an  average  stream-channel  slope,  which  should  not  be  confused  or 
compared  with  values  that  are  measured  at  particular  locations 
along  stream-channels. 

Basin  order 

Order  of  the  stream  channel  at  the  drainage-basin  mouth. 

•Sinuosity 

Stream-channel  length  divided  by  valley  length.  This  depicts  an 
average  sinuosity  for  the  stream  channel,  which  should  not  be 
confused  with  values  that  are  measured  at  particular  locations 
along  stream  channels. 

•Relief  ratio 

Basin  relief  divided  by  basin  length. 

•Total  channel 
length 

Summation  of  lengths  of  all  stream  channels  of  all  orders  in  the 
drainage  basin,  in  miles.  For  first-order  streams,  this  is  the 
same  as  stream-channel  length. 

•Drainage  density 

Total  stream-channel  length  divided  by  the  drainage  area,  in  miles 
per  square  mile. 

•Circularity 

ratio 

Area  of  the  drainage  basin  divided  by  the  area  of  a  circle  having 
the  same  perimeter  as  the  drainage  basin. 

Stream  frequency 

Total  number  of  stream  channels  of  all  orders  divided  by  the 
drainage  area,  in  number  of  stream  channels  per  square  mile. 

Maximum  side- 
slope  relief 

Difference  in  elevation  between  the  hilltop  and  the  stream  channel 
on  the  valley  sideslope  at  the  point  of  maximum  difference,  in 
feet. 

Sideslope 

distance 

Straight-line  distance  measured  in  a  horizontal  plane  between  the 
hilltop  and  the  stream  channel  at  the  same  point  as  the  maximum 
sideslope  relief  was  measured,  in  miles. 

•Maximum  value 
sideslope 

Maximum  value  of  sideslope  relief  divided  by  the  sideslope  distance, 
in  foot  per  foot. 
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Table  22.  —Physical  characteristics  fo 


Map 

i 

name 

Drainage- 

basin 

sequence 

number 

Drainage 
area 
( square 
miles) 

_ For  indicated  order  number  of  channel - 

Total  length  of 

Number  of  channels  channels,  in  miles 

1st  2nd  3rd  4th  1st_ 2nd  2nd  4th 

Basin 

length 

(miles) 

Bas  in 
perim¬ 
eter 
(miles) 

Bas  in 
width 
(miles) 

Valley 
length 
.  (miles 

Calf  Creek 

D59 

0.74 

5 

2 

1 

0 

1  .42 

1.28 

0.62 

0.00 

1.66 

4.28 

0.47 

1.50 

Calf  Creek 

D58 

7.73 

34 

11 

2 

1 

12.01 

7.60 

3.31 

4.14 

5.29 

13.03 

1.97 

4.97 

Calf  Creek 

D37 

.91 

3 

1 

0 

0 

2.51 

.48 

.00 

.00 

1.42 

3.88 

.84 

1.25 

Calf  Creek 

D36 

.71 

5 

1 

0 

0 

1 .06 

1.64 

.00 

.00 

1.67 

4.05 

.52 

1.50 

Fortin  Draw 

D55 

.51 

3 

1 

0 

0 

1.55 

.95 

.00 

.00 

1.57 

3.64 

.42 

1 .38 

Rawhide  School 

D54 

3.22 

16 

6 

2 

1 

5.79 

2.98 

.70 

1  .35 

2.95 

7.68 

1.55 

2.92 

Moyer  Springs 

D53 

2.12 

11 

5 

1 

0 

5.95 

2.03 

1.86 

.00 

2.37 

6.94 

.98 

1.99 

Rawhide  School 

D52 

.88 

4 

1 

0 

0 

1.36 

1.69 

.00 

.00 

1.85 

5.09 

.47 

1.85 

Rawhide  School 

D51 

3.24 

10 

3 

1 

0 

4.81 

3.93 

.96 

.00 

2.78 

9.02 

1.10 

2.42 

Rawhide  School 

D50 

1.88 

6 

2 

1 

0 

3.34 

2.23 

.36 

.00 

2.21 

5.89 

1.09 

1.89 

Gillette  West 

D49 

3.41 

8 

2 

1 

0 

5.20 

1.57 

2.30 

.00 

3.16 

8.35 

1.35 

3.03 

Gillette  East 

D48 

.93 

4 

1 

0 

0 

2.69 

1.32 

.00 

.00 

2.37 

5.10 

.51 

2.29 

Gillette  West 

D47 

1 .38 

5 

1 

0 

0 

2.34 

.36 

.00 

.00 

1.71 

5.10 

1.02 

1.68 

Gillette  East 

D46B 

8.18 

13 

4 

2 

1 

7.51 

5.02 

6.87 

.80 

6.32 

14.69 

1.91 

6.00 

Gillette  East 

D46 

2.78 

6 

2 

1 

0 

4.71 

2.03 

2.40 

.00 

3.32 

8.32 

1.06 

3.20 

Gillette  East 

D45 

1.55 

5 

2 

0 

0 

2.98 

1.51 

.00 

.00 

1.26 

5.92 

.81 

1.20 

Gillette  East 

D44 

.40 

2 

1 

0 

0 

.98 

.55 

.00 

.00 

1.10 

2.80 

.41 

1.05 

Gillette  East 

D43 

3.33 

16 

4 

1 

0 

7.32 

4.62 

2.18 

.00 

3.89 

9.52 

1.20 

3.76 

Gillette  East 

D42 

2.13 

5 

2 

1 

0 

1.89 

1.61 

.67 

.00 

2.48 

8.01 

.70 

2.16 

Coyote  Draw 

D41 

2.15 

8 

2 

1 

0 

4.31 

2.83 

.90 

.00 

2.86 

6.97 

.87 

2.58 

The  Gap 

D40 

4.16 

10 

3 

1 

0 

6.55 

3.25 

2.28 

.00 

3.80 

10.13 

1.61 

3.77 

Coyote  Draw 

D39 

4.45 

15 

4 

2 

1 

8.88 

2.94 

1.40 

1.14 

4.43 

12.58 

1.31 

3.64 

The  Gap 

D38 

1.04 

3 

1 

0 

0 

1.52 

1.96 

.00 

.00 

2.12 

4.96 

.74 

2.12 

Coyote  Draw 

D37 

1.24 

8 

3 

1 

0 

3.56 

1.04 

1.38 

.00 

2.21 

6.28 

.56 

2.17 

Coyote  Draw 

D36 

2.62 

15 

4 

1 

0 

6.91 

1.75 

3.21 

.00 

3.58 

8.72 

.87 

3.58 

Coyote  Draw 

D35 

1 .36 

3 

1 

0 

0 

1.81 

1.59 

.00 

.00 

2.27 

5.36 

.77 

1.55 

The  Gap 

D34 

.96 

2 

1 

0 

0 

1.26 

.95 

.00 

.00 

1.63 

4.28 

.67 

1.63 

The  Gap 

D33 

1 .08 

4 

1 

0 

0 

2.29 

1.25 

.00 

.00 

2.19 

5.19 

.58 

2.07 

Coyote  Draw 

D32 

1.24 

3 

1  . 

0 

0 

2.50 

.80 

.00 

.00 

2.04 

5.00 

.72 

1.74 

Coyote  Draw 

D31 

2.50 

11 

2 

1 

0 

6.15 

1.93 

2.08 

.00 

3.34 

7.77 

.82 

3.27 

Saddle  Horse  Butte  D30 

.70 

5 

2 

1 

0 

1  .64 

1 .04 

.55 

.00 

1.50 

3.82 

.67 

1.34 

Saddle  Horse  Butte  D29 

.40 

3 

1 

0 

0 

1.25 

.60 

.00 

.00 

1.37 

3.13 

.44 

1.03 

Saddle  Horse  Butte  D28 

1.37 

4 

1 

0 

0 

2.42 

2.41 

.00 

.00 

2.83 

6.35 

.70 

2.59 

Neil  Butte 

D27 

3.52 

3 

1 

0 

0 

1.64 

1.12 

.00 

.00 

1.54 

9.44 

1.51 

.96 

Neil  Butte 

D26 

3.70 

8 

1 

0 

0 

5.86 

2.35 

.00 

.00 

2.72 

10.06 

1.70 

2.46 

Eagle  Rock 

D25 

2.26 

8 

2 

1 

0 

3.25 

3.99 

.92 

.00 

3.29 

7.94 

.81 

3.01 

Neil  Butte 

D24 

2.14 

10 

2 

1 

0 

3.22 

1.48 

2.61 

.00 

3.56 

8.31 

.83 

3.25 

Neil  Butte 

D23 

.80 

7 

1 

0 

0 

1.53 

1.05 

.00 

.00 

1.37 

4.28 

.58 

1.18 

Neil  Butte 

D22 

.80 

3 

1 

0 

0 

.71 

1.80 

.00 

.00 

2.02 

4.66 

.54 

2.02 

Neil  Butte 

D21 

1.78 

9 

2 

1 

0 

3.54 

1.98 

.75 

.00 

2.32 

6.05 

1.32 

2.10 

Neil  Butte 

D20 

.82 

4 

1 

0 

0 

.84 

1.92 

.00 

.00 

1.97 

4.31 

.52 

1.84 

Reno  Reservoir 

D19 

8.84 

41 

10 

3 

1 

15.70 

6.56 

6.50 

5.17 

6.84 

14.57 

1.78 

6.40 

Hilight 

D18 

1.98 

6 

2 

1 

0 

2.27 

2.43 

.50 

.00 

2.29 

6.66 

1.27 

2.21 

Hilight 

D17 

3.72 

8 

2 

1 

0 

3.37 

.66 

4.14 

.00 

4.20 

9.97 

1.39 

3.87 

Hilight 

D16 

1.14 

6 

1 

0 

0 

1.92 

2.28 

.00 

.00 

2.15 

5.08 

.72 

2.05 

Hilight 

D15 

1.14 

6 

2 

1 

0 

2.31 

.72 

1.70 

.00 

2.18 

5.97 

.65 

2.05 

Hilight 

D14 

3.26 

14 

3 

1 

0 

5.21 

3.24 

1.74 

.00 

3.30 

9.84 

1.10 

2.86 

Open  A  Ranch 

D13 

1.60 

6 

2 

1 

0 

3.04 

1.78 

.68 

.00 

2.51 

6.75 

.76 

2.46 

The  Gap  SW 

Dll 

1.65 

6 

2 

1 

0 

2.63 

1.83 

1.12 

.00 

2.58 

6.49 

.99 

2.58 

Saddle  Horse  Butte  D05 

2.86 

11 

3 

1 

0 

5.03 

2.15 

2.65 

.00 

4.19 

8.27 

1 .09 

3.11 

The  Gap  SW 

1  ~  «... 

DO  3 

3.56 

3 

1 

0 

0 

2.05 

3.08 

.00 

.00 

4.40 

10.17 

1.13 

2.85 

Name  of  U.S.  Geological  Survey  1  :24, 000-scale  topographic  map. 
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second-.  third-,  and  fourth-order  basing 


Stream  Maximum 

Drainage  fre-  Maxi-  value 


Channel 

dens ity 

quency 

mum 

Side- 

s  ide- 

slope 

Total 

(miles 

( streams 

side- 

slope 

alope 

Channel 

Bas  in 

Used 

( foot 

channel 

per 

Circu¬ 

per 

slope 

dis  - 

( foot 

length 

relief 

relief 

per  Basin 

Relief  length 

square 

larity 

square 

relief 

stance 

per 

(miles)  (feet)  (feet) _ LocjJ _ order.  Si.auoa.ity  ratio _ (ailea) _ mile) _ carlo - mile)  (feet)  (miles) _ fooil 


1.66 

314 

180 

0.030 

3 

1.10 

189 

3.32 

4.49 

0.506 

10.8 

180 

0.120 

0.284 

7.09 

331 

132 

.012 

4 

1.42 

62.6 

27.06 

3.50 

.571 

6.2 

120 

.092 

.247 

1.42 

184 

92 

017 

2 

1.13 

130 

2.99 

3.29 

.757 

4.4 

60 

.187 

.060 

1.72 

410 

122 

.019 

2 

1.14 

246 

2.70 

3.81 

.541 

8.4 

180 

.137 

.248 

1.66 

375 

221 

.036 

2 

1.20 

239 

2.50 

4.92 

.481 

7.8 

120 

.054 

.420 

3.20 

403 

220 

.018 

4 

1 .09 

137 

10.82 

3.36 

.685 

7.7 

120 

.120 

.189 

2.68 

433 

119 

.012 

3 

1.34 

183 

9.84 

4.65 

.551 

8.0 

90 

.096 

.177 

2.01 

284 

135 

.018 

2 

1.08 

154 

3.05 

3  .48 

.424 

5.7 

130 

.486 

.050 

2.60 

276 

120 

.013 

3 

1.07 

99.3 

9.70 

2.99 

.500 

4.3 

140 

.403 

.065 

2.21 

461 

139 

.017 

3 

1.16 

209 

5.93 

3.15 

.680 

4.7 

300 

.520 

.109 

3.87 

441 

130 

.009 

3 

1.27 

140 

9.07 

2.65 

.614 

3.2 

140 

.300 

.088 

2.58 

232 

120 

.012 

2 

1.12 

97.9 

4.01 

4.33 

.447 

5.3 

180 

.428 

.079 

1.98 

194 

124 

.016 

2 

1.17 

113 

2.70 

1.95 

.666 

4.3 

100 

.454 

.041 

8.44 

405 

148 

.004 

4 

1.40 

64.1 

20.20 

2.46 

.476 

2.4 

300 

1 .07 

.063 

4.42 

205 

85 

.005 

3 

1.38 

61.7 

9.14 

3.28 

.504 

3.2 

100 

2.31 

.008 

1.28 

205 

152 

.032 

2 

1.06 

163 

4.49 

2.89 

.555 

4.5 

120 

.320 

.071 

1.12 

211 

140 

.033 

2 

1.06 

192 

1.53 

3.80 

.644 

7.4 

120 

.295 

.077 

4.69 

312 

197 

.011 

3 

1.24 

80.2 

14.12 

4.24 

.461 

6.3 

141 

.340 

.078 

2.35 

190 

93 

.010 

3 

1.08 

76.6 

4.17 

1.95 

.416 

3.7 

170 

.430 

.074 

3.18 

241 

135 

.011 

3 

1.23 

84.3 

8.04 

3.73 

.555 

5.1 

100 

.248 

.076 

4.14 

443 

155 

.010 

3 

1.09 

117 

12.08 

2.90 

.509 

3.3 

100 

.237 

.079 

4.41 

379 

152 

.009 

4 

1 .21 

85.6 

14.36 

3.22 

.353 

4.9 

125 

.353 

.067 

2.38 

289 

98 

.011 

2 

1.12 

136 

3.48 

3.34 

.530 

3.8 

160 

.542 

.059 

2.45 

283 

136 

.015 

3 

1.12 

128 

5.98 

4.82 

.394 

9.6 

80 

.302 

.050 

4.70 

241 

106 

.006 

3 

1.31 

67 

11.87 

4.53 

.432 

7.6 

202 

.697 

.054 

2.33 

176 

58 

.006 

2 

1.50 

77.5 

3.40 

2.50 

.594 

2.9 

80 

.349 

.043 

1.79 

231 

85 

.012 

2 

1 .09 

142 

2.21 

2.30 

.657 

3.1 

140 

.358 

.074 

2.18 

252 

78 

.009 

2 

1.05 

115 

3.54 

3.27 

.503 

4.6 

192 

.406 

.089 

2.03 

329 

113 

.015 

2 

1.16 

162 

3  .30 

2.66 

.622 

3.2 

100 

.423 

.044 

4.01 

320 

164 

.011 

3 

1.22 

95.8 

10.16 

4.06 

.520 

5.6 

160 

.484 

.062 

1.40 

222 

116 

.022 

3 

1.04 

148 

3.23 

4.61 

.602 

11.4 

80 

.178 

.085 

1.10 

200 

74 

.018 

2 

1  .06 

146 

1.85 

4.56 

.519 

9.8 

100 

.196 

.099 

3.10 

240 

135 

.011 

2 

1.19 

84.8 

4.83 

3.52 

.426 

3.6 

60 

.199 

.057 

1.38 

379 

95 

.018 

2 

1.43 

246 

2.76 

.78 

.496 

1.1 

207 

.396 

.099 

2.92 

432 

67 

.006 

2 

1.18 

159 

8.21 

2.21 

.459 

2.4 

145 

.393 

.069 

3.70 

429 

176 

.012 

3 

1  .22 

130 

8.16 

3.61 

.450 

1.8 

252 

.353 

.135 

4.01 

393 

130 

.008 

3 

1.23 

110 

7.31 

3.41 

.389 

6.0 

283 

.540 

.199 

1.31 

223 

92 

.019 

2 

1.11 

163 

2.58 

3  .21 

.550 

9.9 

80 

.190 

.079 

2.04 

134 

50 

.006 

2 

1 .00 

66.3 

2.51 

3.15 

.459 

5.0 

80 

.230 

.065 

3.03 

254 

70 

.006 

3 

1.44 

109 

6.27 

3.52 

.610 

6.7 

80 

.232 

.065 

2.13 

204 

92 

.009 

2 

1.15 

104 

2.76 

3.36 

.555 

6.0 

90 

.310 

.054 

9.67 

274 

100 

.002 

4 

1.51 

40.1 

33.93 

3.83 

.523 

6.2 

120 

.530 

.042 

2.60 

191 

107 

.011 

3 

1.17 

83.4 

5.20 

2.62 

.560 

4.5 

100 

.234 

.080 

5.00 

390 

210 

.011 

3 

1.29 

92.9 

8.17 

2.19 

.470 

2.9 

217 

.619 

.066 

2.43 

276 

172 

.019 

2 

1.18 

128 

4.20 

3.68 

.554 

6.1 

110 

.509 

.040 

2.53 

165 

89 

.009 

3 

1.23 

75.7 

4.73 

4.14 

.401 

7.8 

190 

.267 

.134 

3.65 

232 

156 

.011 

3 

1.27 

70.3 

10.19 

3.12 

.422 

5.5 

no 

.425 

.049 

2.76 

259 

125 

.012 

3 

1.12 

103 

5.50 

3.43 

.441 

5.6 

200 

.283 

.133 

2.96 

296 

160 

.014 

3 

1.14 

115 

5.58 

3.38 

.492 

5.45 

150 

.280 

.101 

4.19 

342 

132 

.008 

3 

1.34 

81.6 

9.88 

3.45 

.525 

5.24 

no 

.065 

.320 

3.17 

402 

112 

.009 

2 

1.11 

91 .4 

5.13 

1.44 

.432 

1.12 

230 

.820 

.053 
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Table  24. — Statistical  properties  for  first-order  drainage  basins 


[Number  of  basins  in  sample  =  51] 


Characteristic 

Minimum 

Maximum 

Arith¬ 

metic 

mean 

Geo¬ 

metric 

mean 

Standard 
deviation  of 
geometric  mean, 
in  percent 

Minus  Plus 

Drainage  area 

0.04 

0.49 

0.19 

0.16 

46.7 

87.7 

(square  miles) 

Basin  length  (miles) 

.32 

1.39 

.76 

.72 

28.8 

40.5 

Basin  perimeter  (miles) 

.85 

3.81 

2.02 

1.92 

27.8 

38.6 

Valley  length  (miles) 

.22 

1.31 

.61 

.58 

29.1 

41.1 

Channel  length  (miles) 

.22 

1.38 

.65 

.61 

30.6 

44.0 

Basin  relief  (feet) 

45.0 

300 

140 

129 

34.3 

51.9 

Used  relief  (feet) 

25.0 

175 

82.2 

72.8 

39.8 

66.2 

Channel  slope  (foot 

.009 

.054 

.026 

.023 

50.6 

102 

per  foot) 

Sinuosity 

1.00 

1.28 

1.06 

1.06 

5.9 

6.26 

Relief  ratio 

56.6 

502 

204 

180 

39.6 

68.0 

Total  channel  length 

.22 

1.38 

.65 

.61 

30.6 

44.0 

(miles) 

Drainage  density 

1.37 

9.66 

4.26 

3.90 

34.7 

52.9 

(miles  per  square  mile) 

Circularity  ratio 

.277 

.843 

.551 

.535 

21 .2 

28.5 

Maximum  value  sideslope 

.014 

.293 

.081 

.065 

49.1 

96.6 

(foot  per  foot) 
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Table  25. — Statistical  properties  for  second-order  drainage  basins 

[Number  of  basins  in  sample  =  22] 


Characteristic 

Minimum 

Maximum 

Arith¬ 

metic 

mean 

Geo¬ 

metric 

mean 

Standard 
deviation  of 
geometric  mean, 
in  percent 

Minus  Plus 

Drainage  area 

0.04 

3.70 

1.32 

1.09 

45.5 

83.3 

(square  miles) 

Basin  length  (miles) 

1  JO 

4.40 

1.98 

1.89 

26.7 

36.4 

Basin  perimeter  (miles) 

2.80 

10.2 

5.36 

5.06 

28.3 

39.5 

Basin  width  (miles) 

.41 

1.70 

.74 

.69 

32.1 

47.3 

Valley  length  (miles) 

.96 

2.85 

1.74 

1.66 

26.9 

36.7 

Channel  length  (miles) 

1.10 

3.17 

2.00 

1.91 

26.9 

36.9 

Basin  relief  (feet) 

134 

432 

266 

254 

27.0 

37.0 

Used  relief  (feet) 

50.0 

124 

116 

107 

33.1 

49.4 

Channel  slope  (foot 

.006 

.037 

.016 

.015 

39.3 

64.7 

per  foot) 

Sinuosity 

1.01 

1.50 

1.16 

1.15 

8.81 

9.65 

Relief  ratio 

66.3 

246 

143 

135 

30.3 

43.5 

Total  channel  length 

1.53 

8.21 

3.40 

3.17 

30.6 

44.2 

(miles) 

Drainage  density 

.784 

4.92 

3.12 

2.92 

33.5 

50.6 

(miles  per  square  mile) 

Circularity  ratio 

.424 

.757 

.540 

.533 

14.8 

17.3 

Stream  frequency 

1.12 

9.96 

5.06 

4.41 

44.3 

79.6 

(streams  per 
square  mile) 

Maximum  sideslope  relief 

60.0 

230 

127 

118 

31.7 

46.5 

(feet) 

Sideslope  distance  (miles) 

.054 

.820 

.349 

.306 

43.8 

78.0 

Maximum  value  sideslope 

.041 

.421 

.090 

.073 

42.5 

74.0 

(foot  per  foot) 

Average  channel  length  for 

.210 

.84 

.511 

.471 

35.6 

55.4 

first-order  basins 
(miles) 

Average  channel  length  for 

.360 

3.08 

1.40 

1.21 

44.0 

78.5 

second-order  basins 
(miles) 
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Table  26. — Statistical  properties  for  third-order  drainage  basins 


[Number  of  basins  in  sample  =  24] 


Characteristic 

Minimum 

Maximum 

Arith¬ 

metic 

mean 

Geo¬ 

metric 

mean 

Standard 
deviation  of 
geometric  mean, 
in  percent 

Minus  Plus 

Drainage  area 

0.70 

4.16 

2.31 

2.11 

37.3 

59.4 

(square  miles) 

Basin  length  (miles) 

1.50 

4.20 

2.90 

2.80 

24.1 

31 .8 

Basin  perimeter  (miles) 

3.82 

10. 1 

7.51 

7.31 

21.9 

28.1 

Basin  width  (miles) 

.47 

1.61 

.98 

.94 

26.3 

35.8 

Valley  length  (miles) 

1.34 

3.87 

2.67 

2.58 

24.9 

33.1 

Channel  length  (miles) 

1.40 

5.00 

3.28 

3.13 

28.2 

39.2 

Basin  relief  (feet) 

165 

461 

306 

292 

26.2 

35.5 

Used  relief  (feet) 

70.0 

210 

135 

130 

23.8 

31 .2 

Channel  slope  (foot 

.005 

.303 

.012 

.011 

31 .8 

46.6 

per  foot) 

Sinuosity 

1.04 

1.44 

1.22 

1.21 

8.24 

8.98 

Relief  ratio 

61.7 

209 

110 

104 

28.3 

39.4 

Total  channel  length 

3.23 

14.1 

7.82 

7.27 

33.0 

49.4 

(miles) 

Drainage  density 

1.96 

4.82 

3.54 

3.45 

21.0 

26.6 

(miles  per  square  mile) 

Circularity  ratio 

.389 

.681 

.501 

.495 

13.1 

16.5 

Stream  frequency 

2.96 

11.4 

5.93 

5.53 

31.3 

45.4 

(streams  per 
square  mile) 

Maximum  sideslope  relief 

80.0 

300 

153 

141 

33.4 

50. 1 

(feet) 

Sideslope  distance  (miles) 

.065 

2.31 

.415 

.316 

50.8 

103 

Maximum  value  sideslope 

.008 

.320 

.108 

.087 

51.1 

104 

(foot  per  foot) 

Average  channel  length  for 

.284 

.785 

.467 

.453 

21.5 

27.3 

first-order  basins 
(miles) 

Average  channel  length  for 

.330 

2.00 

.884 

.797 

38.3 

62. 1 

second-order  basins 
(miles) 

Average  channel  length  for 

.360 

4.14 

1 .61 

1.32 

48.8 

95.4 

third-order  basins 
(miles) 
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Table  27 . --Statistical  properties  for  fourth-order  drainage  basins 

[Number  of  basins  in  sample  =  5] 


Characteristic 

Minimum 

Maximum 

Arith¬ 

metic 

mean 

Geo¬ 

metric 

mean 

Standard 
deviation  of 
geometric  mean, 
in  percent 

Minus  Plus 

Drainage  area 
(square  miles) 

3.22 

8.84 

6.48 

6.04 

35.8 

55.8 

Basin  length  (miles) 

2.95 

6.84 

5.17 

4.96 

28.5 

39.8 

Basin  perimeter  (miles) 

7.68 

14.7 

12.51 

12.21 

23.4 

30.6 

Basin  width  (miles) 

1.31 

1.97 

1.70 

1.68 

15.5 

18.3 

Valley  length  (miles) 

2.92 

6.40 

4.79 

4.59 

28.4 

39.7 

Channel  length  (miles) 

3.20 

9.67 

6.56 

6.06 

37.1 

59.1 

Basin  relief  (feet) 

274 

405 

358 

355 

15.3 

18.0 

Used  relief  (feet) 

100 

220 

150 

146 

24.7 

32.9 

Channel  slope  (foot 
per  foot) 

.003 

.019 

.010 

.008 

53.3 

1 14 

Sinuosity 

1 . 10 

1.51 

1.33 

1.32 

12.4 

14.2 

Relief  ratio 

40.0 

137 

77.8 

71.6 

36.4 

57.1 

Total  channel  length 
(miles) 

10.8 

33.9 

21.3 

19.6 

36.9 

58.5 

Drainage  density 

(miles  per  square  mile) 

2.47 

3.83 

3.28 

3.24 

15.3 

18.0 

Circularity  ratio 

.353 

.680 

.522 

.510 

21.8 

27.8 

Stream  frequency 
(streams  per 
square  mile) 

2.44 

7.76 

5.52 

5.15 

36.0 

56.2 

Maximum  sideslope  relief 
( feet) 

120 

300 

157 

145 

33.3 

50.0 

Sideslope  distance  (miles) 

.092 

1.07 

.*133 

.294 

64.1 

179 

Maximum  value  sideslope 
(foot  per  foot) 

.043 

.247 

.  121 

.097 

53.2 

113 

Average  channel  length  for 
first-order  basins 
(miles) 

.353 

.592 

.454 

.441 

22.8 

29.5 

Average  channel  length  for 
second-order  basins 
(miles) 

.497 

1.26 

.77 

.730 

28.7 

40.2 

Average  channel  length  for 
third-order  basins 
(miles) 

.350 

3.44 

1.66 

1.25 

60.0 

150 

Average  channel  length  for 
fourth-order  basins 
(miles) 

.800 

5.17 

2.52 

1.92 

56.3 

128 
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Table  28. — Summary  of  correlation  analysis  of  physical  characteristics  for  drainage  basing 
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These  correlations  were  used  as  a  guide  to  develop  graphs  (figs.  43-45) 
and  regression  relations  (table  29)  for  the  physical  characteristics  that 
are  significantly  related  and  that  are  considered  important  in  assessing 
drainage-basin  stability.  These  relations  were  then  used  to  compare  the 
physical  characteristics  from  postmining  plans  to  those  existing  for  natural 
drainage  basins  of  the  area. 


Illustrative  Example 

An  example  of  how  the  previously  described  graphs  and  relations 
quantify  physical  characteristics  of  natural  drainage  basins  follows,  using 
a  headwater  drainage  basin  of  1.9  mi2.  The  data  and  relation  of  drainage- 
basin  order  to  drainage  area  in  figure  43  indicate  that,  on  the  average  for 
the  data  base  in  this  study,  a  drainage-basin  order  of  2.8  is  necessary  to 
drain  an  area  of  1.9  mi2.  The  figure  2.8  rounds  to  the  whole  number  3, 
indicating  the  main  stream  channel  at  the  mouth  of  the  drainage  basin  needs 
to  be  a  third-order  stream  channel.  On  the  basis  of  the  relative  numbers  of 
stream  channels  in  various  orders  for  the  study  sample,  the  relations  in 
figure  44  indicate  that  for  a  drainage  area  of  1.9  mi2,  12  first-order,  3 
second-order,  and  1  third-order  stream  channels  also  are  necessary  to 
complete  the  drainage  network.  The  average  slope  of  first-  to  fourth-order 
stream  channels  is  shown  by  the  relation  in  figure  45,  which  illustrates 
that  lower-order  stream  channels  and  valleys  have  relatively  steeper 
gradients  than  do  higher-order  stream  channels  and  valleys.  Valley  slope, 
which  has  not  previously  been  defined  in  the  report,  is  computed  by  either: 
(1)  Multiplying  stream-channel  slope  by  sinuosity,  or  (2)  dividing  used 
relief  by  the  length  of  valley  between  the  points  identified  in  used  relief. 
As  shown  in  the  example  (fig.  45),  a  second-order  stream  channel  will  have  a 
slope  of  0.016  ft/ft,  on  the  average.  The  physical  characteristics  of  the 
example  drainage  basin  are  summarized  in  table  30. 


DRAINAGE  AREA,  IN  SQUARE  MILES 


Figure  43. --Relation  of  drainage-basin  order  to  drainage  area. 
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NUMBER  OF  STREAM  CHANNELS 
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60  - 


EXAMPLE 

A  headwater  drainage  basin  of  1.9  square  miles 
will  have  a  drainage  network  of  I  2  first- 
order,  3  second-order,  and  I  third-order 
stream  channels,  on  the  average 


0.  I 
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0.4  0.6  0.8  I  2 

DRAINAGE  AREA,  IN  SQUARE  MILES 
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Figure  44.  —  Relation  of  number  of  stream  channels 

to  drainage  area. 
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SLOPE,  IN  FOOT  PER  FOOT 
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Figure  45. --Relations  of  stream-channel  and  valley 
slopes  to  drainage-basin  order. 
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Table  29. — Summary  of  regression  analysis 


[BL,  basin  length,  in  miles;  AREA,  drainage  area,  in  square  miles; 
RELIEF,  basin  relief,  in  feet;  UR,  used  relief,  in  feet;  CHAN-L, 
length  of  main  stream  channel,  in  miles;  CHAN-S,  average  slope  of 
main  stream  channel,  in  foot  per  foot;  and  CL-TOTAL,  total  length 
of  stream  channels,  in  miles] 


Regression  equation 

Correlation 

coefficient 

(R) 

Standard  error  of  estimate  (SE) 

Log  units  Average  Percent 

BL  =  1.85  AREA0*51 

0.96 

0.091 

-18.9 

+23.3 

RELIEF  =  227  AREA0-28 

.71 

.164 

-31.5 

+23.3 

RELIEF  =  163  BL0*52 

.72 

.163 

-31.3 

-45.5 

UR  =  2.56  RELIEF0*6  9 

.73 

.144 

-28.2 

+39.3 

CHAN-L  =  0.92  BL1*16 

.98 

.066 

-14.1 

+  16.4 

CHAN-S  =  0.00036  BL-0*8 ’UR0*9  0 

.96 

.072 

-15.3 

+  18.0 

CL-TOTAL  =  3.22  AREA0*86 

.96 

.147 

-28.7 

+40.3 

139 


Table  30. --Physical  characteristics  for  example  drainage  basin 


[BL,  basin  length,  in  miles;  AREA,  drainage  area,  in  square  miles; 
RELIEF,  basin  relief,  in  feet;  UR,  used  relief,  in  feet;  CHAN-L, 
length  of  main  stream  channel,  in  miles;  CHAN-S,  average  slope  of 
main  stream  channel,  in  foot  per  foot;  and  CL-TOTAL,  total  length 
of  stream  channels,  in  miles] 


Basin  area  =  1.9  mi2 

Characteristics  from  relations  of  figures  43  to  45 

Average  slope  of  first-order  stream  channels  =  0.022  foot  per  foot 

Average  slope  of  second-order  stream  channels  =  0.016  foot  per  foot 

Average  slope  of  the  third-order  stream  channels  =  0.011  foot  per  foot 

Characteristics  from  regression  relations  in  table  29 

Basin  length  =  BL  =  1.85  AREA0*5 1  =  1 .85(  1 .9)  °*5 1  =  2.6  miles 

Basin  relief  =  RELIEF  =  227  AREA0*2  8  =  227(  1. 9)  0,2  8  =  270  feet 

Used  relief  =  UR  =  2.56  RELIEF0*6  9  =  2.56(270) °*6  9  =  120  feet 

Length  of  main  stream  channel  =  CHAN-L  =  0.92  BL1*16  =  0.92(2.6)  U1 6 

=  2.8  miles 

Average  slope  of  main  stream  channel  =  CHAN-S  =  0.00036  BL-0*8 9UR0*9 0 

=  0. 00036(2. 6)-°*8  9(  120)°'90 
=  0.0114  foot  per  foot 

Total  length  of  stream  channels  =  CL-TOTAL  =  3.22  AREA0*86 

=  3.22(  1 .9) 0,6  6 
=  5.6  miles 
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Erosional  Development 


The  results  of  a  hypsometric  analysis  evaluating  the  stability  of 
natural  drainage  basins  can  be  used  to  determine  how  well  re-constructed 
drainage  basins  compare  with  natural  drainage  basins.  Hypsometric  analysis 
provides  a  quantitative  description  of  the  distribution  of  material  within  a 
drainage  basin  from  the  base,  or  low  point  of  the  basin,  to  the  top,  or  high 
point  of  the  basin  (Strahler,  1952,  1964).  A  hypsometric  analysis  was  made 
for  second-  and  higher-order  drainage  basins  in  the  data  base  of  the  study 
sample.  The  average  hypsometric  curve  for  the  respective  drainage-basin 
order  is  shown  in  figures  46-48.  The  curves  indicate  the  relative  area  that 
exists  at  various  heights  within  the  drainage  basin  from  measurements  of  the 
area  between  successive  land-surface  contours  on  a  topographic  map.  The 
square  in  which  each  of  the  curves  are  plotted  may  be  visualized  as  a 
vertical  section  through  the  mass  of  material  that  will  be  removed  as  the 
drainage  basin  evolves  (Schumm,  1977,  p.  68-69). 

The  shape  of  a  hypsometric  curve  provides  a  representation  of  the 
erosional  development  of  a  drainage  basin  in  time.  During  erosion  of  a 
drainage  basin,  the  shape  of  the  hypsometric  curve  will  change  from  convex 
upward  to  virtually  straight  and  then  to  concave  upward  (Schumm,  1977, 
p.  70).  Such  changes  indicate  that  the  zone  of  maximum  erosion  migrates 
with  time  toward  the  head  of  the  drainage  basin.  The  concave  shape  of  the 
hypsometric  curves  for  all  three  drainage-basin  orders  indicates  the  basins 
have  reached  a  state  in  their  geomorphic  development  where  further 
development  will  be  slow. 

A  review  of  the  means  and  standard  deviations  of  the  hypsometric  sample 
data  indicates  that  the  variability  of  material  distribution  decreases  with 
increasing  stream  order.  That  is,  the  standard  deviation  of  the  data  for 
fourth-order  drainage  basins  is  less  than  that  for  third-order  drainage 
basins,  and  so  forth.  This  is  because:  (1)  The  larger  drainage  basins  are 
older  and  have  had  more  time  to  develop  than  many  of  the  smaller  headwater 
basins,  and  (2)  the  larger  drainage  basins  have  the  magnitude  of  streamflow 
and  associated  energy  necessary  to  attain  a  base  level  of  equilibrium 
despite  erosion-resistant  outcrops  and  inequalities  in  surface  structure. 


Impacts  of  Surface  Coal  Mining  on  Drainage-Basin  Stability 

As  discussed  in  detail  earlier,  the  method  used  for  determining  the 
cumulative  impact  of  surface  coal  mining  and  reclamation  on  drainage-basin 
stability  involved:  (1)  Comparison  of  characteristics  for  premining  and 
postmining  drainage  basins,  (2)  review  of  the  methods  used  for  design  of  the 
re-constructed  drainage  networks  and  stream  channels,  and  (3)  visits  of 
areas  that  have  already  been  reclaimed. 
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Figure  46.  —  Average  hypsometric  curve  for  second-order 
drainage  basins  (represents  22  basins). 
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Figure  47. — Average  hypsometric  curve  for  third-order 
drainage  basins  (represents  24  basins). 
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Figure  48.  —  Average  hypsometric  curve  for  fourth-order 
drainage  basins  (represents  five  basins). 
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Characteristics  of  Postmining  Drainage  Basins 

The  plans  for  postmining  topography  and  drainage  were  reviewed  for  each 
of  the  existing  mines.  A  sample  of  33  drainage  basins  planned  for 
re-construction  was  randomly  selected,  using  at  least  one  drainage  basin  for 
each  mine.  Drainage  area,  drainage-basin  order,  channel  length,  used 
relief,  and  stream-channel  and  valley  slopes  were  determined  for  each 
drainage  basin  from  maps  of  the  postmining  topography  and  drainage 
(table  31).  Assuming  re-vegetat ion  of  interfluve  areas  is  successful , 
stream-channel  slope,  valley  slope,  and  drainage  density  are  among  the  most 
important  characteristics  to  drainage-basin  stability. 


Stream-channel  slope 

The  slope  of  a  stream  stream  channel  affects  stability.  Unstable 
stream  channels  resulting  from  rapid  velocities  and  erosion  of  streambeds 
and  banks  are  most  likely  to  occur  in  reaches  with  steep  gradients.  A  plot 
of  stream-channel  slopes  for  the  sample  of  postmining  drainage  basins  in 
comparison  to  the  average  relation  determined  for  natural  drainage  basins  is 
shown  in  figure  49.  The  slopes  measured  for  the  sample  of  postmining  stream 
channels  are  consistent  with  the  range  of  slopes  for  the  sample  of  natural 
drainage  basins.  Data  for  only  one  postmining  stream  channel  plots  above 
the  line  depicting  the  maximum  slopes  measured  for  the  sample  of  natural 
stream  channels.  Slopes  for  most  postmining  stream  channels  plot  close  to 
the  average  relation  for  the  natural  drainage  basins. 

The  drainage-basin  orders  used  for  plotting  the  postmining  stream- 
channel  slopes  in  figure  49  were  calculated  using  figure  43,  rather  than 
using  the  actual  drainage-basin  order  shown  on  the  postmining  maps.  This 
was  done  to  afford  comparability  between  the  1 :24 ,000-scale  topographic  maps 
used  for  determining  the  natural  characteristics  and  the  topographic  maps  of 
1:4,800  to  1:12,000  scale  used  for  postmining  plans. 


Valley  slope 

The  sinuosity  and  slope  of  a  stream  channel  are  affected  by  valley 
slope  (Schumm,  1977,  p.  137-149).  In  addition  to  the  control  imposed  by 
surface  geology,  variation  of  valley  slope  can  be  caused  by  changes  in  rates 
of  colluvium  deposition  from  hillslopes  and  increases  in  sediment  loads  from 
tributaries.  Sinuosity  of  a  re-constructed  stream  channel  could  be  shown  on 
a  postmining  plan  to  dictate  appropriate  stream-channel  distance  and  slope 
to  achieve  nonerosive  velocity.  However,  re-constructed  stream  channels  can 
be  modified  by  subsequent  high  flows;  valley  slope  is  a  more  suitable 
indicator  than  stream-channel  slope  of  drainage-basin  stability. 

A  comparison  of  valley  slopes  for  the  natural  and  postmining  drainage 
basins  is  shown  in  figure  50.  With  the  exception  of  one  valley  with  a 
relatively  steep  slope,  the  valley  slopes  for  the  sample  of  postmining 
drainage  basins  plot  near  or  below  the  average  relation  of  valley  slope  for 
the  sample  of  natural  drainage  basins. 
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Table  31. — Physical  characteristics  for  sample  of  postmining  drainage  basins 


[ — ,  not  determined] 


Drainage 

area 

(square 

miles) 

Basin 

order 

Basin 

order 

computed 

from 

figure  42 

Total 

channel 

length 

(miles) 

Used 

relief 

(feet) 

Channel 

length 

(miles) 

Channel 

slope 

(foot 

per 

foot) 

Valley 

length 

(miles) 

Valley 

slope 

(foot 

per 

foot) 

0.08 

1 

1 

0.41 

55 

0.41 

0.026 

0.39 

0.027 

.09 

1 

1 

.68 

41 

.68 

.016 

.62 

.018 

.11 

1 

1 

.41 

75 

.41 

.035 

.40 

.036 

.11 

2 

1 

1.13 

60 

.53 

.031 

.50 

.032 

.13 

1 

1 

.50 

46 

.50 

.025 

.48 

.031 

.15 

1 

1 

.61 

80 

.61 

.025 

.59 

.026 

.15 

1 

1 

.54 

60 

.54 

.021 

.51 

.022 

.16 

1 

1 

.46 

40 

.46 

.017 

.43 

.018 

.18 

1 

1 

.49 

42 

.49 

.016 

.47 

.017 

.18 

1 

1 

.68 

37 

.68 

.015 

.63 

.016 

.21 

1 

1 

.51 

51 

.51 

.027 

.44 

.031 

.24 

1 

1 

.46 

60 

.46 

.025 

.44 

.026 

.25 

2 

1 

1.53 

65 

.89 

.020 

.87 

.020 

.29 

1 

1 

.72 

65 

.72 

.024 

.69 

.025 

.35 

1 

1 

.72 

154 

.72 

.058 

.68 

.061 

.37 

1 

1 

.73 

40 

.73 

.010 

.70 

.010 

.38 

1 

1 

1.30 

95 

1.30 

.020 

1.22 

.021 

.38 

2 

1 

1.20 

77 

.83 

.026 

.80 

.027 

.40 

1 

2 

.70 

34 

.70 

.013 

.69 

.013 

.42 

1 

2 

.87 

31 

.87 

.010 

.79 

.010 

.46 

1 

2 

.92 

70 

.92 

.021 

-- 

— 

.48 

1 

2 

1.62 

85 

1.62 

.014 

1.50 

.015 

.53 

1 

2 

1.41 

55 

1.41 

.011 

1.18 

.013 

.57 

1 

2 

1.40 

42 

1 .40 

.008 

1 .25 

.009 

.78 

1 

2 

1.85 

152 

1.85 

.022 

1.21 

.024 

.83 

3 

2 

3.98 

64 

1.47 

.012 

1 .40 

.013 

.88 

— 

2 

— 

85 

1.15 

.019 

1.13 

.019 

1.08 

1 

2 

1.40 

51 

1 .40 

.010 

1.36 

.010 

1.12 

3 

2 

6.54 

133 

2.58 

.014 

2.39 

.015 

2.48 

3 

3 

10. 1 

170 

3.75 

.012 

3.40 

.013 

9.39 

2 

3 

4.58 

125 

3.35 

.007 

2.59 

.009 

5.80 

2 

4 

6.50 

69 

2.91 

.006 

2.77 

.007 

18.1 

4 

4 

77.3 

220 

10.3 

.006 

8.07 

.008 
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STREAM-CHANNEL  SLOPE,  IN  FOOT  PER  FOOT 


0  i  2345 

DRAINAGE-BASIN  ORDER 

Figure  49. --Comparison  of  stream-channel  slopes 
for  natural  and  postmining  drainage  basins. 
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VALLEY  SLOPE,  IN  FOOT  PER  FOOT 
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Figure  50. --Comparison  of  valley  slopes  for  natural  and 

postmining  drainage  basins. 
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A  threshold  value  of  valley  slope,  above  which  instability  of  the 
stream  occurs,  has  been  examined  for  arid  and  semiarid  regions  by  several 
investigators.  For  example,  studies  by  Schumm  and  Hadley  (1957)  in  semiarid 
valleys  of  Arizona,  Colorado,  New  Mexico,  and  Wyoming  indicated  that 
discontinuous  gullies  can  be  related  to  slope  of  the  valley.  Patton  and 
Schumm  (1975)  examined  measurements  of  valley  slope  for  drainage  basins  in 
the  Piceance  Creek  area  of  Colorado,  and  defined  a  relation  of  threshold 
slope  with  drainage  area,  above  which  trenching  or  valley  instability  will 
occur.  The  relation  was  considered  not  to  pertain  to  drainage  basins 
smaller  than  about  5  mi2,  perhaps  because  vegetative  cover  becomes  more 
dominant  in  small  drainage  basins  and  because  local  differences  in 
vegetation  prevent  clear  recognition  of  a  critical  threshold  slope.  The 
threshold  slope  at  5  mi2  was  determined  to  be  about  0.024  ft/ft  for  the 
Piceance  Creek  area.  This  value  is  shown  on  figure  50  as  a  comparison  to 
the  data  summarized  in  this  study. 

An  investigation  of  areas  containing  reclaimed  surface  coal  mines  in 
Colorado  currently  (1987)  is  being  conducted  by  the  U.S.  Geological  Survey. 
According  to  John  Elliot  (U.S.  Geological  Survey,  written  commun .  ,  1987), 
surveys  of  10  first-  and  second-order  drainage  basins  that  were  reclaimed 
3  years  ago  indicate  that  a  threshold  valley  slope  does  appear  to  be  in 
effect.  However,  additional  surveys  are  being  conducted,  and  the  threshold 
relation  has  not  been  quantified  yet  (1987). 

In  summary,  relations  for  defining  specific  threshold  slopes  of  stream 
channels  and  valleys  in  the  study  area  are  not  available;  however,  the 
slopes  for  the  sample  of  postmining  drainage  basins  are  similar  to  those  of 
the  natural  drainage  basins.  Assuming  the  valleys  and  stream  channels  are 
constructed  as  planned,  no  substantial  impacts  either  on  or  offsite  are 
expected  in  relation  to  the  postmining  slopes. 


Drainage  density 

A  review  of  the  drainage-basin  orders  listed  in  table  31  indicates  that 
for  many  of  the  stream  channels  designated  as  second  order  by  the  relation 
in  figure  43,  only  a  first-order  stream  channel  was  shown  on  the  postmining 
maps.  In  addition,  even  though  the  1:4,800-  to  1 : 12,000-scale  postmining 
topographic  maps  are  larger  and  more  detailed  than  the  1 : 24 , 000-sca 1 e 
topographic  maps  used  for  measuring  the  natural  characteristics,  fewer 
stream  channels  per  unit  area  are  shown  for  postmining  drainage  basins  than 
occur  for  natural  drainage  basins.  In  general,  the  coal-mining  companies 
are  designing  postmining  topography  with  a  lesser  drainage  density  than 
occurs  naturally  in  the  area. 

A  comprehensive  study  of  the  determination  of  drainage  density  for 
surface-mine  reclamation  in  the  western  United  States  has  been  made  by 
Gregory  and  others  (1985).  Their  study  included  the  measurement  of  drainage 
density  for  69  natural  drainage  basins  near  the  Dave  Johnston  and  Jim 
Bridger  Coal  Mines  in  Wyoming,  and  the  McKinley  Coal  Mine  in  New  Mexico. 
They  note  that  drainage  density  is  a  geomorphic  variable  that  integrates 
effects  of  other  basin  characteristics  and  they  suggest  that  if  the  optimum 
density  is  restored,  the  initial  adjustment  of  a  reclaimed  area  should  be 
minimal.  Gregory  and  others  (1985,  p.  1)  conclude  "There  is  a 


characteristic  drainage  density  for  each  location,  and  when  this  is 
identified,  it  should  be  used  in  reclamation  design.”  However,  they  also 
note  that  surface  coal  mining  and  reclamation  will  change  properties  of  the 
natural  drainage  basin  that  will  affect  drainage  density,  that 
characteristic  drainage  densities  will  require  adjustment  as  a  result  of 
such  changes,  and  that  additional  research  is  needed  in  order  to  refine 
estimates  of  drainage  density. 

Schaefer  and  others  (1979)  suggested  that  postmining  drainage  density 
could  be  estimated  using  measurements  of  premining  drainage  basins  and 
aerial  photographs,  and  then  the  drainage  density  could  be  increased  to 
account  for  the  effects  of  disruption.  Conversely,  Stiller  and  others 
(1980)  note  that  reclaiming  a  drainage  basin  with  a  greater  drainage  density 
than  the  natural  drainage  density  could  create  additional  impacts  such  as 
increased  magnitude  of  flood  peaks.  They  suggest  reclaiming  with  a  drainage 
density  at  least  equal  to  the  premining  drainage  density. 

A  well-developed  drainage  density  promotes  efficient  drainage, 
resulting  in  shorter  runoff  time  with  correspondingly  higher  peak  flows. 
Due  to  the  interrelations  of  various  drainage-basin  features  on  drainage 
density,  the  design  of  the  optimum  density  that  will  result  in  the  most 
stable  landscape  is  complex.  For  example,  because  the  dendritic  drainage 
pattern  is  efficient,  it  also  may  be  the  most  erosive.  Zimpfer  and  others 
(1982,  p.  3)  describe  studies  conducted  at  the  Rainfall-Erosion  Facility 
(REF)  that  was  built  at  Colorado  State  University  to  examine  the  erosional 
development  of  drainage  patterns  and  other  phenomena  of  drainage-basin 
evolution.  On  the  basis  of  results  of  studies  using  the  REF,  Zimpfer  and 
others  (1982,  p.  11)  concluded  that  it  may  not  be  necessary  to  re-establish 
first-order  stream  channels  on  a  reclaimed  surface.  They  determined  that 
first-order  stream  channels  would  eventually  form,  but  that  sediment  yields 
from  a  drainage  basin  with  only  the  larger-order  stream  channels  would  be 
less  than  yields  from  a  fully  re-constructed  drainage  basin  with  first-order 
stream  channels. 

As  discussed  by  Chorley  and  others  (1984,  p.  257-25 8),  drainage  density 
is  interrelated  with  the  angle  and  length  of  hillslopes.  As  shown  in 
figure  51,  the  greater  the  drainage  density,  the  more  closely  streams  are 
spaced  and  the  steeper  the  hillslopes  will  be.  Steep  hillslopes  usually 
contribute  a  large  quantity  of  sediment  to  stream  channels;  stream  channels 
also  must  be  steep  to  transport  the  sediment. 

Although  headcuts  and  gullys  characterize  stream  channels  where  erosion 
is  occurring,  surface  erosion  on  unrilled  slopes  yielded  98  percent  of  the 
total  sediment  in  a  semiarid  area  of  New  Mexico  (Leopold  and  others,  1966, 
p.  239).  Likewise,  Rankl  (1987,  p.  15)  made  detailed  measurements  of  a 
tributary  of  Dugout  Creek,  a  semiarid  basin  in  Wyoming  with  active  headcuts. 
He  determined  that  sediment  contribution  of  the  headcuts  was  a  relatively 
minor  part  of  the  total  sediment  yield  from  the  drainage  basin.  Because 
steep  hillslopes  have  overland  flows  with  rapid  velocities,  which  contribute 
to  sediment  yield,  then  re-constructed  drainage  basins  with  lesser  drainage 
densities  and  correspondingly  flatter  hillslopes  may  yield  smaller  sediment 
yields. 
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Figure  51. — Effects  of  drainage  density  and  relief 
on  hillslope  inclination  and  length. 
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In  summary,  reclamation  procedures  using  somewhat  lesser  drainage 
densities  than  occur  naturally  may  improve  re-vegetat ion  success  and 
decrease  sedimentation  problems.  However,  this  conclusion  is  based  on 
limited  laboratory  data  and  on  onsite  studies  of  natural  drainage  basins; 
additional  laboratory  studies  of  re-constructed  drainage  basins  and  onsite 
studies  of  reclaimed  drainage  basins  are  needed  to  verify  optimum  drainage 
patterns  and  densities. 


Hypsometric  analysis 

Mine  plans  indicate  that  many  of  the  coal-mining  companies  analyzed 
hypsometric  curves  for  the  premining  drainage  basins  and  also  developed 
curves  for  the  postmining  drainage  basins.  Most  of  the  postmining 
hypsometric  curves  have  less  concavity  (indicating  an  early  state  of 
erosional  development)  than  depicted  for  the  sample  of  natural  drainage 
basins  in  figures  46-48.  Hypsometric  curves  with  lines  that  are  convex 
upward  or  straight  do  not  necessarily  mean  faster  rates  of  erosion  and 
greater  sediment  load  will  occur  in  drainage  basins  than  in  basins  with 
hypsometric  curves  that  are  concave  upward.  Parker  (1977)  reported  that 
drainage  density  of  a  basin  increases  toward  the  headwater  areas  as  a 
drainage  basin  evolves.  If  drainage  basins  are  reclaimed  with  only  the 
second-  and  higher-order  stream  channels  re-constructed,  they  will  be 
similar  to  natural  drainage  basins  in  an  early  stage  of  development,  and 
further  stream-channel  development  is  likely  to  occur.  However,  this  does 
not  necessarily  indicate  faster  rates  of  erosion  in  or  greater  sediment  load 
from  the  drainage  basin  will  occur. 

As  was  noted  earlier,  in  the  discussion  of  drainage  density,  stream- 
channel  reaches  where  erosion  and  deposition  occur  are  readily  visible. 
Erosion  of  topsoil,  increased  sediment  loads,  and  destruction  of  vegetation 
will  occur  locally  as  first-order  stream  channels  are  established  and  as  the 
drainage  network  evolves.  However,  reclamation  of  drainage  basins  to 
simulate  an  early  state  of  erosional  development  may  improve  overall 
re-vegetation  success  and  result  in  lesser  annual  sediment  yield  from  the 
drainage  basin. 


Review  of  Design  Methods 


Two  basic  approaches,  geomorphic  and  engineering,  exist  for  the  design 
of  drainage  networks  and  steam  channels.  As  discussed  by  Toy  and  Hadley 
(1987),  numerous  problems  are  encountered  with  each  approach.  The 
geomorphic  approach  advocates  re-construction  of  drainage  basins  to 
premining  conditions;  however,  few  onsite  studies  document  the  successful 
use  of  geomorphic  principles  for  large  mined  areas  in  the  arid  and  semiarid 
western  United  States.  The  engineering  approach  uses  estimates  of  water  and 
sediment  discharges  that  the  drainage  network  and  stream  channels  must 
transport;  however,  these  values  generally  need  to  be  estimated  and, 
consequently,  are  approximate. 
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The  application  of  geomorphic  relations  derived  from  natural  or 
premining  drainage  basins  to  the  design  of  postmining  drainage  basins  is 
based  on  the  assumption  that  postmining  drainage  basins  will  have  runoff, 
lithology,  soil,  and  vegetative  cover  similar  to  premining  drainage  basins. 
As  described  in  the  section  concerning  impacts  on  surface  water, 
infiltration  and  runoff  are  expected  to  return  to  normal  after  about 
6  years.  Reclamation  is  directed  toward  the  re-establishment  of  soil  and 
vegetative  cover.  However,  lithology  cannot  be  re-established.  Many  of  the 
first-  and  second-order  stream  channels  for  natural  drainage  basins  have 
steep  slopes  that  are  supported  by  outcrops  of  erosion-resistant  rocks.  If 
such  outcrops  are  not  present  in  the  postmining  drainage  basins,  then  slopes 
indicated  by  the  geomorphic  relations  may  be  steeper  than  the  reclaimed 
areas  of  spoil  material  can  actually  support.  As  surface  coal  mining 
progresses,  documentation  of  successes  and  failures  in  the  re-establishment 
of  drainage  basins  will  be  necessary  to  the  refinement  of  design  methods. 

The  engineering  approach  to  design  of  fluvial  systems  generally  relies 
on  estimates  of  streamflow  and  sediment  loads;  engineering  design  of  stable 
stream  channels  also  requires  estimates  of  roughness  factors.  Many 
estimates  are  being  made  in  such  designs,  and  it  is  likely  that  some  stream 
channels  will  be  misdesigned.  Local  sedimentation  and  erosion  will  occur  as 
misdesigned  stream  channels  adjust  to  the  actual  surrounding  conditions. 

The  ideal  procedure  for  reclaiming  mined  areas  is  to  construct  a 
drainage  network  that  would  optimize  overall  stability  and  immediately 
minimize  erosion  and  sediment  transport.  However,  the  realities  of  the 
state-of-the-art  regarding  drainage-basin  and  stream-channel  design,  as  well 
as  construction  techniques,  make  this  impossible.  For  example,  even  if  the 
perfect  drainage-basin  and  stream-channel  design  were  implemented, 
unpredictable  differential  settling  of  the  spoil  material  is  likely  to  occur 
that  would  affect  the  hydrologic  function  of  the  drainage  basin. 

The  design  for  at  least  one  reclaimed  area  (Wyodak  Mine)  contains  plans 
for  a  large  depression  to  be  left  as  a  permanent  feature,  with  a  major 
stream  routed  around  the  depression.  The  bank  and  terrace  between  the 
stream  and  depression  are  to  be  stabilized  against  erosion,  and  the  stream- 
channel  capacity  is  designed  to  convey  maximum  expected  floodflows .  During 
a  long  period,  this  stream  or  others  might  possibly  meander  and  intercept 
the  depression.  This  would  cause  some  erosion  and  sedimentation  as  the 
stream  channel  adjusted  to  the  steep  slope  entering  the  depression;  however, 
the  depression  would  eventually  fill  with  water  and  sediment.  An  occurrence 
such  as  this  could  have  substantial  local  impact  on  the  stream  channel  as  it 
would  result  in  a  change  in  downstream  hydrologic  conditions,  including: 
(1)  Loss  of  water  available  to  downstream  water  users,  (2)  degraded  water 
quality  due  to  less  flow  available  for  dilution  of  dissolved  solids,  and 
(3)  possible  lowered  ground-water  levels  near  the  stream  channel  due  to  less 
water  available  for  recharge.  For  such  problems  in  reclamation,  provisions 
for  a  long-term  maintenance  program  may  be  needed. 
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Re-Constructed  Drainage  Basins 


In  June  1987,  H.W.  Lowham  visited  several  mines  that  have  been 
operating  since  the  1970's.  Reclaimed  areas  were  toured,  and 
re-construction  methods  were  discussed  with  company  representatives  for  the 
Eagle  Butte,  Belle  Ayr,  Black  Thunder,  Cordero,  and  Antelope  Mines.  The 
following  observations  were  noted: 

1.  Stream  channels  of  third  and  higher  order  have  been  given  a 
great  deal  of  attention  in  design,  because  it  is  realized  that 
flow  in  these  stream  channels  can  be  large  and  such  flow  can 
occur  frequently  enough  to  be  of  immediate  concern.  A  com¬ 
bination  of  engineering-  and  geomorphic-design  methods  gener¬ 
ally  has  been  used  in  the  re-construction  of  these  streams. 

2.  When  stabilizing  temporary  storage  piles  or  finishing  off  the 
highwall  at  the  mined-area  boundary,  the  general  practice  is 
to  construct  steep-sloped  areas  to  maximize  runoff  as  sheet 
flow  and  to  avoid  forming  stream  channels  until  absolutely 
necessary.  Much  effort  is  given  to  achieving  re-vegetation 
with  dense  stands  of  grasses  and  shrubs  in  order  to  retard 
runoff  and  erosion. 

3.  The  areas  reclaimed  to  date  (1987)  generally  appear  to  be 
stable.  However,  it  is  difficult  to  assess  long-term 
stability  from  observations  of  the  existing  reclaimed  areas 
because  erosion  damage,  such  as  rilling  and  gullying, 
generally  is  immediately  repaired. 

4.  Company  representatives  are  concerned  about  the  procedures 
that  will  be  used  for  reclamation  of  the  end-of-mine  high- 
walls.  Small  drainage  basins  located  just  outside  the  high¬ 
wall  perimeter,  but  draining  into  the  mined  area,  have  poten¬ 
tial  to  cause  some  of  the  greatest  problems.  For  example,  two 
small  drainage  basins  that  need  to  be  re-constructed  are  shown 
in  figure  52.  If  the  stream  channels  are  constructed  without 
artificial  structures  or  other  innovative  features,  such  as 
construction  of  storage  and  recharge  areas  to  capture  flow 
from  the  small  drainage  basins,  then  a  great  quantity  of 
material  will  have  to  be  moved  to  achieve  stable  stream- 
channel  slopes  in  the  vicinity  of  the  highwall.  Because  thick 
coal  beds  are  being  removed,  at  most  surface  coal  mines  there 
will  be  an  insufficient  volume  of  overburden  to  accomplish  the 
re-construction,  and  material  may  have  to  be  borrowed  from 
unmined  areas.  In  addition  to  being  extremely  expensive,  the 
disturbance  of  an  unmined  area  for  the  purposes  of  borrowing 
soil  material  may  be  environmentally  questionable. 

In  summary,  the  reclaimed  areas  appear  to  be  stable,  but  they  have  been 
in  existence  for  only  a  short  time  relative  to  the  semiarid  climate  and 
infrequent  nature  of  runoff  in  the  study  area.  Rills  that  might  develop  on 
reclaimed  areas  are  immediately  repaired.  Therefore,  information  obtained 
from  the  inspection  was  inconclusive  in  determining  long-term  stability  of 
the  reclaimed  basins. 
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Figure  52. — End-of-mine  reclamation  problem  resulting  from 
shortage  of  material  to  re-construct  small  drainage  basins. 
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NEEDS  FOR  ADDITIONAL  STUDY 


Ground  Water 


Evaluation  of  recent  ground-water-level  data  indicates  that  the 
predictions  of  water-level  declines  likely  have  overestimated  the  magnitude 
and  areal  extent  of  water-level  declines  in  the  Wyodak  coal  aquifer.  In 
addition,  some  backfilled  spoils  are  being  re-saturated  more  rapidly  than 
was  predicted  by  the  models.  If  these  conditions  are  accurate  indicators  of 
future  trends,  the  effects  of  surface  coal  mining  on  water  levels  and 
ground-water  use  would  be  greatly  decreased.  Coal-mining  companies  will 
contribute  toward  more  realistic  predictions  of  water-level  declines  as 
ground-water  models  are  recalibrated  using  the  results  of  continued 
monitoring  of  water  levels  in  the  Wyodak  coal  aquifer.  A  more  realistic 
assessment  of  the  duration  of  water-level  declines  is  needed  to  determine 
whether  additional  mining  in  the  eastern  Powder  River  basin  would  affect 
future  water  availability. 

Monitoring  wells  need  to  be  established  in  the  Wyodak  coal  aquifer 
downgradient  from  the  mining  operations  to  document  long-term  water-level 
changes.  These  wells  need  to  be  located  sufficiently  distant  from  active 
mining  operations  to  detect  the  maximum  cumulative  extent  of  water-level 
declines  resulting  from  mining.  There  are  several  monitoring  wells  located 
on  land  owned  by  the  State  (school  sections)  that  would  suit  this  purpose. 
The  wells,  drilled  in  1976  and  1977,  are  completed  in  the  Wyodak  coal 
aquifer  and  are  located  in  sections  16  and  36  of  several  townships  extending 
from  north  of  Gillette  to  northwest  of  the  North  Antelope  Mine.  Water 
levels  in  these  wells  have  not  been  monitored  since  1985. 

The  recharge  rate  and  source  of  recharge  water  for  the  spoil  aquifers 
need  to  be  investigated.  Determination  of  the  recharge  rate  is  needed  to 
evaluate  the  duration  of  impacts  on  the  ground-water  system.  The  source  of 
recharge  water  is  important  in  determining  appropriate  placement  of  acid¬ 
forming  material  in  the  spoil. 


Geochemistry 

Additional  study  is  needed  to  determine  overburden  suitability  for 
aquifer  restoration,  water-quality  changes  associated  with  selective 
placement  of  overburden  material,  and  long-term  changes  in  postmining  water 
quality.  On  the  basis  of  column-leaching  data  presented,  additional 
information  is  needed  about  the  geochemistry  of  selected  chemical 
constituents  in  the  overburden  to  adequately  predict  concentrations  of  these 
constituents  in  the  postmining  ground  water.  For  example,  overburden  with 
ex t r ac tabl e- se len ium  concentrations  less  than  the  detection  limit  has 
produced  water  from  column-leaching  tests  with  selenium  concentrations 
exceeding  the  State  standard  for  livestock. 
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Without  additional  information  on  the  source  or  sources  of  recharge  to 
the  spoil  aquifers,  appropriate  disposal  of  toxic  and  acid-forming  spoil 
material  cannot  be  guaranteed.  For  example,  if  a  substantial  part  of 
recharge  to  the  spoil  aquifer  is  from  infiltration  of  precipitation  and 
leakage  from  ephemeral  streams,  perhaps  acid-forming  material  would  be 
better  placed  at  depths  below  the  postmining  water  table,  where  seasonal 
wet-dry  cycles  would  not  continue  to  oxidize  the  acid-forming  material. 

At  some  time  in  the  future,  the  postmining  po ten t iome tr ic  surface  in 
the  spoil  aquifer  will  begin  re-equilibrate  such  that  water  from  the  spoil 
aquifer  will  begin  to  move  offsite  into  the  adjacent  Wasatch  aquifer  and 
Wyodak  coal  aquifer.  Although  changes  in  offsite  postmining  water  quality 
resulting  from  this  offsite  ground-water  movement  have  been  simulated  and 
examined  during  this  study,  additional  information  is  needed.  Additional 
study  is  needed  to  determine  the  sulfate-reducing  potential  of  aquifers  and 
to  determine  site-specific,  water-quality  changes  that  occur  as  water  from 
the  spoil  aquifer  moves  offsite  into  the  Wasatch  aquifer  and  Wyodak  coal 
aquifer. 


Surface  Water 


Infiltration  values  need  to  be  more  accurately  defined.  The  study 
would  involve  collecting  rainfall  and  runoff  data  on  small,  paired  basins 
(less  than  3  mi2)  consisting  of  natural  basins  and  reclaimed  basins.  The 
data  collected  would  be  used  to  simulate  the  infiltration  rates,  which  in 
turn  can  be  used  to  predict  long-term  cumulative  impacts  for  larger  basins. 
Continuous  sediment-concentration  data  need  to  be  collected  in  conjunction 
with  the  rainfall  and  runoff  data  for  additional  evaluation  of  the  erosion 
and  sedimentation  process  in  relation  to  reclaimed  soil  materials. 

The  analysis  of  cumulative  impacts  on  surface-water  flow  is  based  on 
the  analysis  of  available  infiltrometer  data  from  rainfall-simulation  tests 
and  on  the  assumption  that  the  change  in  infiltration  will  result  in  an 
inverse  change  in  runoff.  A  network  of  streamflow-gaging  stations  needs  to 
be  re-established  on  streams  draining  the  mine  areas  in  order  to  verify  the 
relation  between  infiltration  and  runoff.  These  gaging  stations  need  to  be 
established  downstream  from  the  mine  areas  where  large  areas  have  been  dis¬ 
turbed  by  surface  mining  and  need  to  be  operated  for  the  duration  of  mining, 
but  they  do  not  need  to  include  large  undisturbed  areas  or  areas  disturbed 
by  other  activities.  The  network  of  gaging  stations  operated  by  coal-mining 
companies  and  methods  of  record  collection  need  to  be  evaluated  so  that: 

(1)  A  coordinated  and  efficient  effort  of  data  collection  is  maintained, 

(2)  data  are  collected  with  proper  quality  assurance  and  control,  (3)  a 
centralized  computer  file  is  developed  and  maintained  to  facilitate 
retrievals  and  statistical  summaries,  and  (4)  future  cumulative-impact  eval¬ 
uations  will  have  data  suitable  to  analyze  hydrologic  properties  such  as 
peak-flow  yields,  average  runoff,  and  surface-water/ground-water  relations. 

Stream  channels  in  the  major  drainage  basins  in  the  study  area  need  to 
be  monumented  and  documented  to  study  erosion  and  sedimentation  in  mine 
areas.  The  information  can  be  used  for  future  reference  in  understanding 
the  erosion  and  sedimentation  processes  in  a  semiarid  climate  with  large 
areas  disturbed  by  mining. 
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Stability  of  Reclaimed  Drainage  Basins 


Reclamation  of  large  land  areas  in  the  arid  and  semiarid  West  has  only 
been  done  for  a  few  years;  much  needs  to  be  learned  concerning  long-term 
processes  affecting  re-constructed  drainage  basins.  Although  much 
literature  exists  regarding  fluvial  processes  in  natural  drainage  basins, 
there  is  a  paucity  of  literature  reporting  case  histories  of  fluvial 
processes  in  reclaimed  basins.  There  is  a  need  to  establish  a  network  of 
reclaimed  basins  similar  to  the  Vigil  Network  (Leopold,  1962)  that  exists 
for  natural  basins.  Instrumentation  for  the  network  needs  to  include 
streamflow-gaging  stations  and  monumented  stream  channel  cross  sections  as 
discussed  earlier;  it  also  needs  to  include  precipitation  gages  and  erosion 
grids  for  hillslopes. 

Due  to  the  nature  of  the  semiarid  climate  and  resulting  infrequent 
runoff  in  the  study  area,  it  may  take  as  much  as  10  years  of  data  collection 
before  results  are  achieved  from  the  network  described  above.  In  the 
meantime,  additional  onsite  and  laboratory  studies  are  needed  whereby  actual 
data  are  accurately  and  systematically  collected  to  define  geomorphic 
thresholds,  such  as  basin  and  channel  slopes,  and  to  define  optimum  drainage 
patterns  and  densities  for  re-constructed  basins. 


CONCLUSIONS 

1 .  Mining  and  reclamation  will  result  in  the  replacement  of  the  Wasatch 
aquifer  and  Wyodak  coal  aquifer  with  unconsolidated  backfilled  spoil 
materials.  The  resulting  spoil  aquifer  is  estimated  to  have 
approximately  the  same  hydraulic  conductivity  as  did  the  Wasatch 
aquifer  and  Wyodak  coal  aquifer. 

On  the  basis  of  data  currently  (1987)  available,  it  appears  that 
postmining  recharge,  movement,  and  discharge  of  water  in  the  Wasatch 
aquifer  and  Wyodak  coal  aquifer  will  not  be  substantially  different 
from  premining  conditions.  Recharge  rates  and  mechanisms  will  not 
change  substantially.  Because  hydraulic  conductivity  of  the  spoil 
aquifer  will  be  approximately  the  same  as  in  the  Wasatch  aquifer  and 
the  Wyodak  coal  aquifer,  water  will  move  from  recharge  areas  where 
clinker  is  present  east  of  mine  areas  through  the  spoil  aquifer  to 
the  undisturbed  Wasatch  aquifer  and  the  Wyodak  coal  aquifer  to  the 
west . 

Coal-mining  companies  predict  water-level  declines  of  5  ft  or  more 
in  the  Wasatch  aquifer  to  extend  from  about  1,000  to  about  2,000  ft 
beyond  the  mine  pits.  The  predicted  5-ft  water-level  decline  in  the 
Wyodak  coal  aquifer  generally  extends  4  to  8  mi  westward  beyond  the 
lease  areas. 

Cumulative  water-level  declines  are  not  expected  to  be  substantial 
in  the  Wasatch  aquifer  because  water-level  declines  due  to 
individual  coal-mining  operations  generally  will  not  extend  more 
than  2,000  ft  beyond  the  mine  pits.  The  extent  of  water-level 
declines  in  the  Wasatch  aquifer  will  be  restricted  because  the 
ground-water  system  consists  of  discontinuous  sandstone  lenses  that 
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have  limited  hydraulic  connection.  Therefore,  there  will  be  few 
areas  where  water-level  declines  from  individual  mines  will  overlap 
to  create  cumulative  impacts.  In  areas  where  a  cumulative  impact 
may  occur,  the  impacts  will  be  localized  because  of  the 
discontinuous,  lenticular  nature  of  the  sandstone  lenses  comprising 
the  Wasatch  aquifer. 

Water-level  declines  in  the  Wyodak  coal  aquifer  are  predicted  to 
extend  beyond  the  area  affected  by  individual  coal  mines  because  of 
the  cumulative  effect  of  adjacent  coal-mining  operations.  The 
extent  of  cumulative  water-level  declines  generally  was  determined 
by  superposition  of  predicted  water-level  declines  for  individual 
coal  mines.  The  area  of  cumulative  impacts  for  existing  and 
proposed  coal-lease  areas  was  determined  by  compositing  information 
from  mine-permit  applications  for  the  entire  study  area.  Within  the 
area  of  cumulative  water-level  declines  that  result  from  existing 
and  proposed  surface  coal  mining,  water-level  declines  are  predicted 
to  range  from  5  to  80  ft,  depending  on  the  proximity  to  coal-mining 
operations.  Differences  in  transmissivity  resulting  from  the 
variable  degree  and  density  of  fracturing,  variable  thickness,  and 
division  of  coal  beds  may  affect  the  predicted  declines  locally. 

In  order  to  determine  which  water-supply  wells  may  be  affected  by 
water-level  declines  resulting  from  all  anticipated  coal  mining,  the 
area  of  the  potential  cumulative  5-ft  or  more  water-level  decline  in 
the  Wyodak  coal  aquifer  resulting  from  all  anticipated  coal  mining 
was  approximated.  The  area  of  potential  cumulative  water-level 
declines  from  all  anticipated  coal  mining  is  defined,  in  this 
report,  as  extending  from  the  outcrop  of  the  Wyodak  coal  bed  to 
about  8  mi  from  areas  of  all  anticipated  mining. 

About  3,000  wells  are  in  the  area  of  potential  cumulative  water- 
level  declines  resulting  from  all  anticipated  coal  mining.  Of  these 
3,000  wells,  about  1,200  are  outside  the  areas  of  anticipated  coal 
mining:  about  1,000  wells  supply  water  for  domestic  or  livestock 
uses;  and  about  200  wells  supply  water  for  municipal,  industrial, 
irrigation,  and  miscellaneous  uses.  The  approximately  1,800 
remaining  wells  are  used  by  coal-mining  companies. 

In  order  to  determine  the  effects  of  water-level  declines  on  the 
1,200  water-supply  wells  outside  the  areas  of  all  anticipated  coal 
mining,  the  aquifer  in  which  the  well  is  completed  had  to  be 
determined.  According  to  well  logs  and  completion  reports  for  these 
wells,  about  580  wells  are  completed  in  the  Wasatch  aquifer,  about 
100  in  the  Wyodak  coal  aquifer,  and  about  280  in  aquifers  below  the 
Wyodak  coal  bed.  Stratigraphic  location  of  the  completion  interval 
could  not  be  determined  for  about  260  wells  because  of  lack  of 
information  on  the  well-completion  report. 

The  effect  of  water-level  declines  on  wells  outside  coal-mining 
areas  will  depend  on  the  magnitude  of  decline  that  occurs  in  the 
individual  wells,  which  in  turn  is  related  to  the  proximity  of  a 
well  to  coal-mining  operations.  Other  factors  important  in 
determining  the  effect  on  individual  wells  include  the  depth  of  the 
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well,  the  depth  and  number  of  perforated  intervals,  depth  to  water, 
and  the  yield  required  from  the  well  to  maintain  it  as  a  useable 
source  of  water.  If  the  water  level  in  any  of  the  wells  is  lowered 
such  that  production  is  seriously  decreased,  the  well  can  be 
deepened  or  replaced  with  a  well  completed  in  the  underlying 
aquifers. 

The  most  important  factor  in  determining  if  the  water  level  in  a 
well  will  be  affected  by  coal-mining  operations  is  the  stratigraphic 
location  of  the  perforated  interval  of  the  well  and,  consequently, 
the  aquifer  in  which  the  well  is  completed.  In  the  approximately 
580  wells  completed  in  the  Wasatch  aquifer  in  the  area  of 

anticipated  water-level  declines,  water  levels  will  decline  only  if 

the  wells  are  about  2,000  ft  or  less  from  a  coal-mine  pit. 

However,  wells  completed  in  the  Wyodak  coal  aquifer  may  be  affected 
as  far  away  as  8  mi  from  coal-mine  pits.  Water-level  declines  in 
those  wells  are  predicted  to  range  from  less  than  5  ft  in  wells  far 

away  from  coal-mining  operations  to  more  than  80  ft  in  wells  near 

coal-mining  operations.  Wells  completed  in  the  underlying  aquifers 
will  not  be  affected  by  dewatering  of  the  coal-mine  pits;  however, 
the  yields  of  wells  located  near  wells  supplying  facilities  at  the 
coal  mines  may  be  affected  by  water-level  declines  near  the  pumped 
wells . 

2.  Alternative  sources  of  water  supplies  for  wells  markedly  impacted  by 
coal-mining  operations  are  the  Tongue  River-Lebo  aquifer  (Paleocene 
Fort  Union  Formation)  for  domestic  and  livestock  supplies,  and  the 
Tullock  (Paleocene  Fort  Union  Formation)  aquifer  or  Lance-Fox  Hills 
(Upper  Cretaceous)  aquifer  for  uses  requiring  a  larger  yield.  Water 
quality  in  aquifers  in  the  Fort  Union  Formation  is  variable  and 
appears  to  correlate  with  the  permeability  of  the  water-yielding 
sandstone  and  proximity  to  the  recharge  area.  Dissolved-sol ids 
concentrations  range  fbom  about  200  to  more  than  3,000  mg/L  but 
commonly  range  between  500  and  1,500  mg/L. 

In  order  to  provide  a  brief  overview  of  the  water  quality  from 
aquifers  in  Upper  Cretaceous  formations,  the  concentration  ranges  of 
dissolved  solids,  fluoride,  and  selenium  in  water  from  these 
aquifers  were  summarized.  Because  of  a  lack  of  water-quality  data 
for  the  Lance-Fox  Hills  aquifer  in  the  study  area,  water-quality 
data  from  wells  completed  in  aquifers  in  Upper  Cretaceous  formations 
in  the  entire  Powder  River  structural  basin  were  assumed  to 
approximate  the  water  quality  in  the  Lance-Fox  Hills  aquifer. 
Dissolved-sol ids  concentrations  in  1 30  ground-water  samples  ranged 
from  240  to  2,800  mg/L.  Dissolved-f luor ide  concentrations  in  124 
ground-water  samples  ranged  from  less  than  0.1  to  6.0  mg/L. 

Dissolved-selenium  concentrations  in  70  ground-water  samples  ranged 
from  less  than  0.001  to  0.1  mg/L.  Although  the  quality  of  water 
from  these  alternative  sources  does  not  always  meet  the  State 
standard  for  domestic  supplies,  it  is  approximately  the  same  as  the 
quality  of  water  currently  (1987)  being  used  for  such  supplies. 
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3.  On  the  basis  of  the  compiled  premining  (Wasatch  aquifer  and  Wyodak 
coal  aquifer)  and  postmining  (spoil  aquifers)  water-quality  data, 
current  (1986)  and  future  postmining  water  quality  generally  will 
meet  the  State  standard  for  livestock.  The  primary  chemical 
constituents  that  exceed  the  State  standard  for  livestock  in 
selected  wells  include  dissolved  solids,  sulfate,  nitrate,  chromium, 
and  selenium.  Except  for  the  consistent  decrease  in  nitrate  and 
selenium  concentrations  with  time,  data  for  the  other  constituents 
of  concern  (dissolved  solids,  sulfate,  and  chromium)  do  not  indicate 
consistent  decreases  in  concentration  with  time.  Future  surface 
coal  mining  in  the  study  area  is  expected  to  produce  postmining 
ground  water  of  similar  quality  to  that  currently  (1987)  present. 
Because  only  10  of  the  16  active  coal  mines  in  the  study  area 
currently  (1987)  have  saturated  spoil,  additional  mining  at  these  16 
active  and  6  proposed  mines  will  expand  the  areal  extent  of  the  most 
recent  (through  1986)  detected  effects  of  surface  coal  mining  on 
water  quality. 

On  the  basis  of  analysis-of-var iance  results,  current  and  future 
ground-water-quality-monitoring  needs  for  spoil  aquifers  are  listed. 
Future  sampling  efforts  need  to  focus  on  collecting  a  few  samples 
from  numerous  wells  completed  in  spoil  aquifers  rather  than 
collecting  a  large  number  of  samples  from  only  a  few  wells.  For 
maximum  sampling  effectiveness  and  usefulness  of  existing  and  future 
monitoring  data,  different  sampling  densities  need  to  be 
investigated  for  different  chemical  constituents  depending  on  the 
distribution  of  variance  for  each  constituent. 

4.  Batch-mixing  experiments  that  use  water  and  spoil  material  from  the 
Cordero  Mine  in  a  water-to-spoil  material  ratio  of  2:1  (by  weight), 
resulted  in  smaller  major-ion  concentrations  compared  to  the  water 
quality  in  the  spoil  aquifer  at  the  mine.  Column-leaching-tes t 
results  compiled  from  three  mines  in  the  study  area  were  variable 
depending  on  the  type  of  water  used  in  the  columns  (deionized  as 
opposed  to  actual  ground  water)  and  the  chemical  composition  of  the 
overburden  materials.  The  median  d issolved-sol ids  and  nitrate 
concentrations  based  on  all  postmining  water  analyses  in  the  study 
area  generally  were  exceeded  until  at  least  1  pore  volume  of  water 
leached  through  the  columns.  Decreases  in  the  concentrations  of 
dissolved  solids,  nitrate,  and  selenium  in  future  postmining  water 
are  predicted  by  the  column-leaching-test  results.  Water  samples 
from  selected  wells  in  the  study  area  indicate  that  actual 
postmining  nitrate  and  selenium  concentrations  are  currently  (1987) 
decreasing . 

5.  Geochemical  data  collected  at  the  Cordero  and  Dave  Johnston  Mines 
were  used  to  predict  future  ground-water-quality  changes  and  to 
identify  reclamation  methods  that  could  minimize  future  postmining 
water-quality  degradation.  Because  of  differences  in  the  method  of 
mining  and  hydrologic  and  geochemical  conditions  present  at  the 
Cordero  and  Dave  Johnston  Mines,  these  predictions  may  not  apply  to 
all  the  mines  within  the  study  area.  On  the  basis  of  the  geochem¬ 
ical  conditions  in  the  postmining  spoil  aquifer  at  the  Cordero  Mine, 
it  is  unlikely  that  the  d issolved-sol ids  concentrations  will 
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increase  further.  Substantial  decreases  in  dissolved-solids  con¬ 
centration  in  postmining  water  in  the  spoil  aquifer  at  the  Cordero 
Mine  should  not  occur  until  at  least  1  pore  volume  of  water  has 
leached  the  spoil.  Leaching  of  1  pore  volume  through  the  spoil 
could  take  from  tens  to  hundreds  of  years.  Isolation  of  overburden 
material  with  large  soluble-salt  contents  to  areas  above  the  post¬ 
mining  ground-water  table  in  conjunction  with  decreasing  the  rates 
of  infiltration  of  precipitation  and  runoff  in  the  spoil  aquifer 
could  minimize  increases  in  dissolved-solids  concentrations  in 
future  reclaimed  areas.  Furthermore,  isolation  of  spoil  material 
with  large  soluble-salt  contents  from  clay-rich  and  organic-rich 
strata  during  backfilling  also  could  minimize  increases  in 
dissolved-solids  concentrations  in  postmining  ground  water. 

Movement  of  postmining  ground  water  from  the  spoil  aquifer  into  the 
adjacent  School  coal  aquifer  at  the  Dave  Johnston  Mine  indicated 
substantial  mixing  resulting  in  a  net  increase  in  the  dissolved- 
solids  concentration  in  water  from  the  School  coal  aquifer.  This 
increase  in  dissolved-solids  concentration  in  water  within  the 
School  coal  aquifer  probably  will  be  temporary.  As  the  soluble 
salts  continue  to  leach  from  the  spoil  material,  future  postmining 
water  that  enters  the  coal  aquifer  will  decrease  in  dissolved-solids 
concentration  until  a  postmining  equilibrium  condition  is  attained. 
On  the  basis  of  small  tritium  concentrations  in  the  School  coal 
aquifer  downgradient  from  the  coal  outcrop  at  the  Dave  Johnston 
Mine,  movement  of  postmining  water  within  the  School  coal  aquifer 
will  be  slow,  possibly  minimizing  the  extent  of  water-quality 
degradation  to  offsite  areas. 

6.  Results  of  geochemical  modeling  of  hypothetical  reaction  paths 
indicated  the  potential  for  marked  improvements  in  postmining  water 
quality  as  a  postmining  ground  water  with  a  large  dissolved-solids 
concentration  (3,540  mg/L)  moves  into  a  coal  aquifer  containing 
water  with  a  relatively  small  dissolved-solids  concentration 
(910  mg/L).  Results  of  the  geochemical  modeling  indicate 
geochemical  conditions  that  are  most  ideal  for  large  decreases  in 
dissolved-solids  concentrations  in  coal  aquifers  receiving  recharge 
from  a  spoil  aquifer.  These  conditions  include:  (1)  The  presence 
of  sulfate-reducing  bacteria  populations,  (2)  organic-carbon  sources 
that  can  be  utilized  by  the  sulfate-reducing  bacteria,  and  (3)  a 
source  of  iron  within  the  coal  aquifer  that  will  facilitate  the 
removal,  by  mineral  precipitation,  of  the  sulfide  produced  by 
sulfate  reduction.  On  the  basis  of  indirect  geochemical  evidence, 
sulfate-reducing  bacteria  and  organic-carbon  sources  probably  are 
present  in  at  least  a  few  spoil  aquifers  within  the  study  area. 

7.  Simulated-rainfall  studies  indicated  that  reclaimed  soils  have,  on 
the  average,  a  29-percent  slower  infiltration  rate  than  do  undis¬ 
turbed  soils.  Statistical  analysis  of  the  inf il trome ter  data 
indicates  that  the  decrease  in  infiltration  rates  is  not  significant 
for  individual  studies,  but  average  values  of  all  the  studies  would 
be  useful  for  evaluating  cumulative  hydrologic  impacts.  In 
addition,  the  data  indicated  a  trend  for  the  infiltration  rates  to 
increase  to  premining  lates.  For  the  purpose  of  computing  the 
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effective  change  in  infiltration,  it  was  assumed  that  runoff  had  an 
inverse  corresponding  value.  The  projected  maximum  areas  to  be 
disturbed  during  surface  coal  mining  were  computed  for  the  major 
basins  draining  the  study  area.  A  computation  of  increase  in  runoff 
indicated  that  the  increase  in  runoff  at  the  mouth  of  the  basins 
will  be  less  than  5  percent.  The  disturbed  areas  for  all 
anticipated  coal  mining  (projected  maximum  disturbed  areas  of 
existing  and  proposed  coal  mines,  and  Selected  Coal  Tracts  and  areas 
with  Preference  Right  Lease  Applications)  were  compiled  for  all  the 
major  drainage  basins.  The  computation  of  runoff  using  disturbed 
areas  for  all  anticipated  coal  mining  is  a  worst-case  condition  and 
indicated  a  maximum  increase  in  runoff  of  7.6  percent  for  Coal  Creek 
and  5.3  percent  for  Little  Thunder  Creek.  The  remainder  of  the 
drainage  basins  analyzed  for  the  worst-case  condition  would  have 
increases  in  runoff  of  less  than  5  percent. 

A  graphical  analysis  of  storm  runoff  from  the  Coal  Creek  drainage 
basin  indicated  an  insignificant  change  on  the  recession  of  the  flow 
hydrograph.  Coal  Creek  has  the  largest  percentage  of  projected 
maximum  disturbed  area  of  all  basins  studied;  therefore,  the  change 
in  flow  due  to  surface  coal  mining  will  be  less  for  the  remaining 
basins. 

8.  Analysis  of  changes  in  sediment  yield  are  limited  due  to  a  lack  of 

data;  therefore,  predictions  of  cumulative  changes  in  sediment  yield 
are  subjective.  Sediment  yield  from  reclaimed-soil  plots  was 
436  percent  greater  than  sediment  yield  from  natural-soil  plots. 
The  reclaimed-soil  plots  had  less  vegetation  cover  and  slightly 
steeper  slopes  than  the  natural-soil  plots.  The  larger  sediment 
yield  from  reclaimed  soils  are  not  expected  to  be  conveyed  to  the 
mouth  of  the  basins  due  to  sediment  deposition  as  a  result  of  slope 
decrease  from  hillsides  to  stream  channels,  and  sediment  deposition 
in  settling  ponds.  The  larger  sediment  yield  indicated  by  the 
reclaimed-soil  plots  will  have  a  minor  impact  on  the  major  drainages 
because:  (1)  Sediment  yield  decreases  as  drainage  area  increases 

and,  (2)  the  dilution  effect  caused  by  the  small  percentage  of 
disturbed  area  in  relation  to  total  drainage  area.  Soil  erodibility 
and  steep  land  slopes,  such  as  those  in  the  Coal  Creek  drainage 
basin,  account  for  sediment  yields  that  are  8  times  greater  than 
those  in  the  upland  areas  of  the  Belle  Fourche  River  basin.  The 
variability  in  natural  sediment  yields  mask  any  increases  in 
sediment  yield  resulting  from  surface  coal  mining. 

9.  The  design  and  re-construction  of  stable  drainage  basins  is  critical 
to  successful  land  use  after  reclamation.  In  addition,  stable 
drainage  networks  and  stream  channels  are  needed  to  avoid  adverse 
impacts  in  offsite  streams  due  to  increases  in  erosion  and 
sedimentation.  Postmining  drainage  networks  and  stream  channels 
have  been  and  are  being  designed  with  attention  to  existing 
geomorphic  conditions  and  accepted  engineering  principles.  In 
general,  stream-channel  and  valley  slopes  are  consistent  with 
natural  conditions  for  the  area;  however,  re-constructed  drainage 
basins  have  lesser  drainage  densities  than  exist  for  natural 
drainage  basins.  Although  additional  first-order  stream  channels 
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likely  will  form  in  the  reclaimed  drainage  basins,  the  practice  of 
re-constructing  only  higher-order  major  stream  channels  is  believed 
to  have  advantages  of:  (1)  Smaller  hillside  slopes  with  resulting 
greater  re-vegetation  success,  and  (2)  providing  smaller  sediment 
yields  than  if  drainage  networks  were  fully  re-constructed  to 
premining  densities. 

On  the  basis  of  the  limited  data  and  literature  available  for  the 
study  area  and  similar  semiarid  regions,  no  adverse  cumulative 
impacts  are  expected  due  to  instability  of  postmining  drainage 
networks  and  stream  channels.  Some  visible  changes  likely  will 
occur  on  a  local  scale  as  the  postmining  drainage  networks  adjust  to 
a  new  state  of  dynamic  equilibrium.  A  maintenance  program  would  be 
warranted  for  occasional  severe  adjustments  and  failures. 
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Table  32 . --Privately  owned  water-supply  wells  in  the  area  of  potential  cumulative  water-level  declines 
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Table  33. — Surface-water  data  network  operated  bv  coal-mining  companies — Continued 
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